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Salutations to the Guru, who with the poultice of knowledge opens
the eyes of one who is blinded by the darkness of ignorance

Sage Vyasa (Vedic Age)
)

Dedicated to
All my respected gurus






Preface

Archaeological evidence now supports that drugs and various surgeries were used
in the treatment of eye diseases by ancient Greeks and Mesopotamians, as well as
Indus Valley civilisations during the Vedic age. Bits and pieces of this information
can be seen now in recent transcripts deciphered from epigraphs, palm leaf scripts
and tablets. Superstitious believes of people in such times also played a major role
in eye medications not only for the eye but also for healing various ailments of the
body. Priests and monks demonstrated their magical remedies by touching or add-
ing a collyrium on eyes of people affected by various diseases. Psychedelic plants
causing visual hallucinations were used in various tribes to transcend into a super-
natural world according to his good or bad deeds. Altogether, it is very interesting
to understand how the beliefs of societies around the world influenced the remedies
on the eye or their effect on vision.

Though the use of herbal and mineral medicines for eye diseases was known to
many earlier civilisations of the world, the rationale of treatment started with the
systematic understanding about the molecular aspects of the internal structures of
the eye along with conditions affecting their function. In the middle of the twentieth
century, drugs developed or used for systemic diseases were commonly tested for
ocular diseases. Therefore, ocular drug development after considering the con-
straints exerted by the eye was not adopted as a popular strategy. Although, the first
edition of Goodman Gillman’s Pharmacological Basis of Therapeutics was pub-
lished in 1941, until its ninth edition in 1996, ocular pharmacology was not dealt as
a separate chapter, indicating the slow development of understanding and drug
development for ocular conditions.

The prime aim of this book is to deal with such key aspects which are not usually
covered by other books and authors. To make a centreline understanding towards
the pharmacology of drugs in ocular perspective, invited experts have contributed
their wisdom as chapters pertaining to various aspects. Extemporaneously prepared
drug formulations, as miscellaneously prepared agents, do not fall under any par-
ticular chapter and are considered as an extension of dispensing pharmacy. This
book specifically deals with such formulations which are of immense importance in
day-to-day ophthalmic practice along with newer dimensions in ocular biochemistry,

vii



viii Preface

pharmacogenomics, blood ocular barriers affecting ocular pharmacokinetics, muco-
adhesive polymers, tear substitutes, contact lens solutions, drugs acting through
ANS, ocular diagnostic agents, therapy for ocular tumours, systemic and ocular
toxicity of drugs, etc.

It gives me an immense pleasure to edit the key aspects of this book Pharmacology
of Ocular Therapeutics. 1 thank all the authors who have accepted my invitation and
contributed their provincial expertise in their own engaging manner.

I hope this book will be a stimulus for research scholars and postgraduates in
ophthalmology, optometry, pharmacy, pharmacology and nursing to think about
expanding their domain understanding and to broaden their exploratory thoughts. I
thank all my research scholars for their help in compiling the chapters of this book.
I also thank Springer for coming forward to provide the much needed public access
of its contents by publishing the same. I must acknowledge my family for their
understanding and support whenever I have taken the liberty of using their time for
my academic pursuits.

STdleT ymeug o eudlet ymd Seiey | “The learned foster learning more
sTuppsut sSHODEG S On seeing the world enjoy their lore”

Kural 399 by Thiruvalluvar (1-3 Century BC)

New Delhi, India Thirumurthy Velpandian
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Chapter 1
Ocular Pharmacology and Therapeutics:
Origin, Principle, Challenges, and Practices

Thirumurthy Velpandian and Suresh Kumar Gupta

Abstract Recent revelations on the origin of eye specific applications bring out the
fascinating history from various civilizations. Use of black kohl eyeliner and the pos-
sible science behind it has been explored through contemporary technology. Chemical
analysis of the contents of the pyxis recovered from the Roman vessel that was ship-
wrecked off the coast of Tuscany more than 2000 years ago, showed the presence of
higher amounts of zinc which might have been used to treat eye infections. Literatures
available from ancient civilizations indicate the use of many INTERESTING drug
formulations for the eye. This chapter narrates the history for such usage attributing to
the development of medications for ocular therapeutics, principles of ocular therapy
and challenges in applying ocular pharmacology to therapeutics.

1.1 Origin of Eye Medications in the Human History

Almost in all ancient civilizations, the eye and vision had a special place in their
evolution. Eye paint was used as a remedy to strive against evil spirits entering
through nine vulnerable openings in the body in ancient Mesopotamia. The impor-
tance of ophthalmic ointments and eye paint was particularly signified in the
Egyptian culture. The importance of the eye was immortalized through the myth of
the Eye of Horus which says that one eye represents the moonlight while the other
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eye represents the sunshine. The two eyes altogether thus represent the power of
human intellect. Blindness, in turn, was seen as a divine punishment. To protect the
eyes from blindness, Egyptians used to apply drops and ointments, to chase away
insects and demons that were associated with a variety of eye infections.

The Egyptian physicians for eye diseases carried a special kit that contained a
black kohl make up and green chrysocolla. Kohl served multiple roles in the Egyptian
culture. Moreover, the Egyptian of all social classes smeared their eyelids with black
kohl eyeliner in veneration of the deities. Kohl also signified one’s status in the soci-
ety with the glossiest, highest-quality kohl denoting one’s upper class status in soci-
ety while the less wealthy applied kohl of fire soot. Kohl applied liberally around the
eyes helped to reduce the sun’s glare, to repel flies, and to provide cooling relief
from the heat. It also trapped errant dust and dirt common in the desert.

The typical composition of kohl which was used in Egypt in the recent past has been
reported to contain crushed stibnite, burnt almonds, lead, oxidized copper, ochre, ash,
malachite, and chrysocolla (Murube 2013), whereas the original composition of kohl
used in ancient Egypt is now known from the work of French researchers reported in
2010. They have analyzed 52 kohl samples from the Egyptian make up containers resid-
ing at the Louvre museum in Paris. The research of their study reported the presence of
trace amounts of four uncommon lead species: galena (PbS), cerussite (PbCO3), phos-
genite (Pb2C12C0O3), and laurionite (Pb(OH)CI) in the cosmetics (Tapsoba et al. 2010).

Kohl was predominantly composed of the mineral galena, a dark, metallic lead-
based product that is also known by the chemical name lead sulfide (PbS). The
minerals were further reported to be crushed and mixed with several other ingredi-
ents such as ground pearls, rubies and emeralds, silver and gold leaves, frankincense,
coral, and medicinal herbs such as saffron, fennel, and neem . The resulting formula-
tion was then diluted in liquids such as oil, gum, animal fats, milk, or water to solu-
bilize the lead and assist in its eventual facial smearing. Thus the composition of
kohl made authors of the study to quote that “it is clear that such intentional produc-
tion remains the first known example of a large scale chemical process” (BMJ 1909).

When researchers exposed skin cells to the lead sulfates found in kohl, they dis-
covered that the lead ions elicited a profound immunological response. The cultured
cells released one of the most important messenger molecule in the immune system,
nitric oxide gas (NO); this gaseous molecule serves as an activating messenger to
bacteria-eating macrophage cells and stimulates blood flow by increasing the diam-
eter of capillaries, encouraging rapid immune cell movement within the bloodstream.
The abovementioned molecular interaction of kohl illustrates its role not only as a
beautifying cosmetic but also an antibacterial ointment. As eye infections would have
been a common problem in tropical marshy places such as Nile area, application of
kohl must have played a prominent role in the Egyptian custom (Tapsoba et al. 2010).

In death, pouches containing kohl were buried alongside the departed, illustrat-
ing its indispensable role in the Egyptian traditions. Kohl also observes a mention in
the Egyptian manuscript — Ebers papyrus, the oldest known medical texts in exis-
tence. In the hieroglyphic manuscript dating from 1550 BC, Egyptians mention
detailed herbal preparations for eyedrops, salves, and ointments. However, an old
Babylonian tablet (1620 century BC) from Nippur showing medication for various
parts of the body is the oldest known prescription of an ointment for eyes (BAM IV
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393). Neo-Babylonian tablets (5-6 century BC) dealing exclusively with eye dis-
eases have been discovered. These contain prescriptions of ointments for eyes. The
individual instructions begin with a list of ingredients and end with the conditions
for which the ointment has to be used (BAM IV 383, Attia and Buisson 2006).

Apart from the ores of lead in the kohl, the use of zinc in ocular medication was
well documented in one of Galen’s treatises, Medicines according to Places.

Cleaned Cadmia (zinc oxide), 28 drams; hematite stone, burnt and washed, 24 drams;
Cyprian ash (i.e. copper), 24 drams; myrrh, 48 drams; saffron, 4 drams; Spanish opium-
poppy, 8 drams; white pepper, 30 grains; gum, 6 drams; dilute with Italian wine. Use with
an egg (Galen, Compositions of medicines according to places 4.8, 12.774 Khun)

This timeless application of zinc in ocular medication came from a breaking
finding in the history of medicine which came to light in the year 2013 with the find-
ings from the analysis of the contents of a shipwreck Relitto del Pozzino dated
140-130 BCE. The vessel was laying about 18 m underwater in the Baratti Gulf, not
far from the remains of the important Etruscan city of Populonia, a key port along
trade routes across the Mediterranean. It was thought to be a trading ship sailing
from the Asia Minor and Greece areas, carrying wine, glass cup, and lamps off the
coast of Tuscany near Etruscan town of Populonia in Italy (Fig. 1.1).

The boat was found to have various pharmacological preparations along with a
surgery hook, a mortar 136 wooden drug vials, and in particular several tin boxes (pyxi-
des) (Fig. 1.2). X-ray examination of the tin boxes revealed the presence of well-pre-
served circular tablets in dry form even after resting in the seafloor for such a long time
of 2000 years. Interestingly, five grey disc-shaped tablets enclosed in the watertight tin
pyxis lying on the seabed of the Baratti Gulf wrapped in dense marine flora revealed a
rare archaeological finding about the medicine used 2120 years before (Fig. 1.3).

Fig. 1.1 Picture showing boxwoods recovered from the shipwrecked Relitto del Pozzino can be
seen on display at the Archaeological Museum of Populonia in Piombino, Italy
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Fig. 1.2 Airtight tin container kept in a boxwood stored aboard of a Roman vessel that was ship-
wrecked off the coast of Tuscany more than 2,000 year ago. The A/6 pyxis before it was opened
(a) and the pyxis showing it content (b) (Gianna et al. 2013; reproduced with permission)

Fig. 1.3 Picture showing grey tablets, each about the shape of a circular makeup sponge, inside an
airtight tin container stored aboard a Roman vessel that was shipwrecked off the coast of Tuscany
more than 2,000 year ago. (a) The Front (b) side & (c¢) back view profile of tablet found in the A/6
pyxis (Giachi et al. 2013 reproduced with permission). Note: chemical analyses revealed the pres-
ence of starch, pine resin, beeswax, and fats in the ancient drugs, with higher amount of zinc
compounds indicating that it might have been used to treat eye infections
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Subjecting them for chemical analysis using advanced analytical instruments revealed
extraordinary information on the composition of the tablets and on their possible thera-
peutic use. Hydrozincite (zinc hydroxycarbonate) and smithsonite (zinc carbonate)
were two of the most abundant ingredients of the Pozzino tablets, along with starch,
animal and plant lipids, and pine resin. From the composition, the authors reached a
conclusion that the Pozzino tablets were used for ophthalmic purposes.

Concurrently Roman oculist stamps demonstrate a classification of ocular dis-
ease, a system of treatment, and reveal the names of practitioners (Marmion 1995).
Roman oculist stamps were associated with collyria, and collyrium stamps are par-
allelepipedic stones that were used in the Roman world, between the second part of
the first century and the fourth century A.D., to stamp eye medicine (Perez-Cambrodi
et al. 2013). The Latin expression collyrium (eyewash) comes from the Greek name
K0 AA' pa, which means “small round loaves” (Giachi et al. 2013). These seals
specifically those of Roman eye medicine were inscribed according to the Greek
medical tradition indicating the name of the patient, therapeutic instructions, method
of administration, etc. Thus, the Greek medical texts reveal the influence of the
Greek ophthalmology on Roman eye medicine (Pardon-Labonnelie 2014).
Collyrium also refers to the composition of powders brought to a pasty consistence
with a liquid and formed into tentlike structure for insertion into (Murube J, 2007a).

Another usage of the vocabulary of collyrium refers to Keshanjana (collyrium),
an Ayurvedic formulation prepared out of Keshamasi (ash prepared by scalp hairs)
mixed with Goghrita (cow ghee). This particular preparation is indicated for treating
Chushkashipaka (dry eye syndrome) in Vagbhatta Samhitas and classical Ayurvedic
treatises (Kartar et al. 2014). Ayurvedic and Siddha medical systems originated
from different parts of India reported several medicines for ocular use (Subbarayappa
1997; Ven Murthy et al. 2010). Ayurveda dates back to the Vedic period of the Indus
Valley Civilization (about 3000 BC) and has been passed on through generations of
oral tradition, like the other four sacred texts (Rigveda, Yajurveda, Samaveda, and
Atharvanaveda) which were composed between the twelfth and seventh century BC
(Ven Murthy et al. 2010).

In the ancient Indian Ayurvedic texts, Shalakya tantra is referred as one among
Ashtang Ayurveda (eight super specialities) specifically for the diagnosis, treatment,
and prevention of all the diseases occurring above the neck such as eyes, nose, ear,
mouth, and head. According to the Vedic scripts, the father of Shalakya tantra was
referred as King Nimi (king of Videha). Among the eight super speciality disciplines,
Netra Chikitsa is considered as referring to the treatment for ocular diseases.

Anjanam is an ancient Ayurvedic eyeliner and paint explained for cleansing and
therapeutic purposes (Fig. 1.4). Although it has been known to exist in the ancient
Ayurvedic literature, its relevance to the origin of its use has not been studied sys-
tematically. Although the effects of plants with psychoactive substances have been
manifested in many ways, one account in Indian Ayurvedic literature details about
the use of Datura. “Harita Samhita” explains, Datura root is crushed in water and
strained liquid is used in instilling in sore eyes (conjunctivitis). Cannabis extract
was used for sore eyes by the Egyptians around 2000 BC (Webley K 2010). They
have also used squill for dropsy under the mystic name of the “Eye of Typhon.”
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Fig. 1.4 The tenth century carving on stone at Parshvanath temple, Madhya Pradesh, India, show-
ing an Apsaras (angel) applying kajal (collyrium)

Chinese philosopher Mo-Zi (fifth to fourth century BC), recorded the effects of
pharmaceutical substances on the quality of eyes “there is a drug for this. if one eats
it, the eye will become sharp and the eye will be clear.”. However, the Wan wu text
among the Fu-yang bamboo manuscripts found in the tomb of Xiahou Zao, the Lord
of Ruyin who died in 165 BC, quotes the recommendation “Ox gall brightens the
eye so that one may climb on high on slip thirty-five” (Shaughnessy 2014).

In a Celtic leech-book preserved in the University of Leyden (nineteenth cen-
tury), shows the treatment for the dimness for eyes. One of the formulations con-
tained pound fennel roots, mixed with honey and boiled over slow fire, with cistern
water or woman’s milk and smearing eyes with the fat of a fox (Adipe vulpis).
Another remedy claims a mixture of a child’s urine (lotium infantis) with the best
honey; add a decoction of fennel roots (Thompson 1897).

An excellent recipe for sore eyes was the juice of the calyx of the red honey-
suckle prescribed in 1553. The flowers had to have been gathered kneeling and



1 Ocular Pharmacology and Therapeutics: Origin, Principle, Challenges, and Practices 7

repeating nine Paternosters in honor of the Trinity, nine more “to greet our Ladye,”
and a creed. The abovementioned My Ladye Falkenbrydge’s recipe for eyewater
was thus much esteemed and ran as: “Corne-flowers gathered with their cuppes and
bruyse them; macerate them in snow or snow water for twenty-four hours, then
dystyl in a moderate sandebath and applye it night and morning” (Thompson 1897).

Interestingly the old apothecary’s prescriptions in 1685 were composed of
strange ingredients, including crab’s eyes and boar’s teeth, or powdered pearls, and
viper broth (Thompson 1897).

At the same time, eyedrops were also used miraculously to cure dental pain. A writer
of the Time states that the itinerant dentist was also a well-known figure at the street
corner. For 100 marks, he would put out both your eyes and quite cure your inflamma-
tion with one drop of his aqua mirabilis, at 12 pence a drop (fifteenth century).

Over a period of centuries, eye diseases were not classified; especially the two
major problems were not clearly differentiated. It is somewhere in 1820 that a clear
differentiation between glaucoma and cataract was seen in the history. The earliest
understanding towards the usage of any substance having a meaningful ocular use
come from the observations of the Greek women. The Greek women used the juice
of the berries of Atropa belladonna to enlarge their pupils for cosmetic reasons. In
Italy belladonna refers to “beautiful lady.” The alluring beauty of Queen Cleopatra
of the last century BCE has been attributed to her dilated pupils by using the extracts
from the Egyptian henbane (Hyoscyamus niger). Friedlieb Ferdinand Runge, a
German chemist, demonstrated the mydriatic effect of the extract of the deadly
nightshade in 1819. Atropine in its crystalline form was isolated in 1831 by the
German pharmacist Heinrich F. G. Mein. However, atropine has been used for more
than a century now by ophthalmologists throughout the world for dilating iris.

It is interesting to know that the knowledge about the dilation property of bella-
donna was existing for long among the Greek women for making themselves attrac-
tive. The same practice has been continued even today when modern photographers
use the same technique to make female portraits with attractive eyes. Discovery of
contact lenses make this practice in modern times more comfortable by largely
using cosmetic contact lenses to give the illusion of dilated eyes. The rationale for
the hypothesis came from the investigations of Tombs and Silverma (2004) that the
reproductive strategies of males are best served by unequivocal female sexual inter-
est and arousal indicated by dilated pupils (Tombs and and Silverma 2004).

Pilocarpine preparations have been used since 1870s with their first record start-
ing in the mid-nineteenth century. During that time, European visitors to Old
Calabar, an eastern province of Nigeria and Africa, came to know about the native
belief in the power of the seeds of a local plant to determine whether individuals
were innocent or guilty of misdemeanor. Missionaries who arrived in Calabar in
1846 realized that the particular bean was responsible for more than 120 deaths
annually. This information rapidly reached Scotland, the home of the missionaries’
parent church for evaluation. Slowly, exploration of the bean started and reached a
stage when Balfour’s comprehensive botanical description of the bean plant
appeared as Physostigma venenosum. In 1863 a young Edinburgh ophthalmologist,
Argyll Robertson, published a paper announcing the arrival of the first agent that
constricted the pupil of the eye (Proudfoot 2006).
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The drug was an extract of Calabar beans, and Argyll Robertson openly admitted
that he had been alerted to its unusual property by his physician friend, Thomas
Fraser. Later Fraser extensively studied the action of Calabar bean on the eye and
noted down its opposing action to atropine. However, in 1864, an ophthalmologist,
Niemetschek, working in Prague in 1864 recommended Calabar bean extract to his
friend Kleinwéchter who was treating a young man with atropine intoxication
(Nickalls and Rudorfer 1980). This rendered the patient to survive atropine toxicity
and incidence establishing the beans antagonism of atropine. In 1870 Fraser reported
his firm belief that physostigmine and atropine were mutually antagonistic at a
physiological level and opened a new era in cholinergic system for further careful
interpretations (Proudfoot 2006). The modern understanding about glaucoma phar-
macology began in 1862 along with the isolation of physostigmine from the Calabar
bean. The discovery of epinephrine’s intraocular pressure-lowering capacity came
along some 40 years later (Realini 2011). In the twentieth century, ocular drug
development took an advanced pace along with the rapid development of drugs for
cardiovascular and central nervous system disorders (Table 1.1).

The need to administer pilocarpine frequently everyday has been unfavorable for
many glaucoma patients. In the 1980s, beta-blockers were developed, reducing the
administration frequency to twice a day. In 1999, prostaglandin-type ophthalmic
preparations that require a once-a-day administration appeared on the market, eas-
ing the burden of frequent administration. During the process of the development of
these new ophthalmic agents, Ocusert, a sustained-release pilocarpine preparation
that is inserted into pre-corneal area only once a week, was designed and applied
clinically (Komatsu 2007).

In modern ocular therapeutics, several plant-derived products like Atropa bel-
ladonna (Atropine), Datura specs (tropane alkaloids), Physostigma venenosum
(physostigmine), Pilocarpus jaborandi (pilocarpine), Ephedra (ephedrine), and
Cannabis sativa (cannabis) were identified and reported to have some relevance
directly or indirectly to various ocular conditions. Interestingly, they are being
used in its original form; their semisynthetic derivatives are having a strong hold-
ing in the modern ophthalmic practice for either therapeutic or diagnostic
purposes.

Table 1.1 Significant milestones in the development of drugs for ocular therapeutics

1831 | Atropine isolated in crystalline form

1870 | Physostigmine isolated

1875 | Pilocarpine isolated

1885 | Effect of pilocarpine on IOP recorded

1920 | Nonselective sympathomimetics (epinephrine and dipivefrin)
1950 | Oral carbonic anhydrase inhibitors (acetazolamide)

1970 | Beta-blockers (timolol, levobunolol)

1990 | Topical carbonic anhydrase inhibitors, fluoroquinolones antibacterial photodynamic
therapy

2000 | Intraocular antiangiogenic agents (ranibizumab, bevacizumab, pegaptanib)
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1.2 Principles of Ocular Therapy

After the Second World War, sterility of drug for eye has been recognized as a man-
date for topical eyedrops. Usage of preservatives came into picture to avoid bacte-
rial contamination or growth in the multi-dose eyedrop vial for their use up to 30
days after opening. However, few fundamental aspects need emphasis while admin-
istering them to the patients or self-administration. One need to remember the
appropriate way of application of an eyedrop (Table. 1.2). Most of the eyedrops are
clear-colored or colorless solutions with or without preservatives, iso-osmotic and
buffered to have neutral pH, with exception in suspensions like prednisolone ace-
tate, dexamethasone, basifloxacin, etc. Application of eyedrops with lesser volume
(drop size) or single drop is known to have better ocular bioavailability as compared
to larger volume or multiple drops.

Cornea is a specialized tissue, devoid of blood vessels having hydrophobic epi-
thelium followed by hydrophilic stroma thereby restricting the entry of both hydro-
phobic and hydrophilic compounds for gaining access to aqueous humor. Cornea is
highly sensitive for pH of the ingredients, osmolarity (hypo and hyper), nonspecific
irritants, and pH of the formulations. The pH and nonspecific irritation can induce
reflux tearing which in turn washes away the pre-corneal drugs. Predominately,
drugs applied topically take transcellular diffusion pathway as corneal epithelium is
reported to have tight intracellular junctions (zona occludens); therefore, less than
5 % of the topically applied drug dosage reaches aqueous humor. As less amount of
drug reaches into aqueous humor, conventionally, drug concentrations are increased
considerably in the applied drops to reach adequate levels for the pharmacological
activity.

However, the modern understanding for the transfer of drugs across cornea is
explained much better by the presence of drug transporter proteins in corneal epi-
thelium and endothelium. These transporters are physiologically responsible for the

Table 1.2 How to apply eyedrops

Clean hands with soap solution and dry it

Open the dropper cap

Do not touch the tip of the dropper

Slightly tilt the head backwards

Gently pull the lower eyelid with one hand

Place only one drop of the drug solution into the lower fornix (do not apply two drops)
Close the eyes and sit quietly for 1 min

If possible apply a gentle pressure on the tear duct by pressing near medical canthus with index
finger for a while — this will avoid the immediate entry of drug solution into the lacrimal
drainage system

If two different drops need to administered, it should be done by with the interval of at least
15 min between them

Close the eyedropper without touching the dropper tip and store it in a cool and dry place
Unpreserved eyedrops must be kept in refrigerator at 2-6 °C
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uptake of nutrients for the survival of cornea and to maintain its transparency by
regulating its homeostasis. Systemically, administered drug seldom reaches ade-
quate concentration into the tissues of the eye with the considerable concentration
for expected pharmacological action. Most of the systemically administered antibi-
otics were reported to fail to reach adequate concentration due to the presence of
blood-ocular barriers (Velpandian 2009).

Therefore, selecting appropriate route of drug administration to the eye is
expected to having better pharmacodynamic profiles. Based on requirement, sub-
tenon, retrobulbar, subconjunctival, intracameral, intravitreal, and peribulbar routes
are preferred to comply required drug concentration at a particular site in the eye.

1.3 Challenges in Ocular Therapeutics

Ocular therapeutics is the only area in which the drugs used more than 100 years
ago are still having its presence in clinical practice. Despite the multidimensional
drug development approaches of the contemporary period, it is rare to see any spe-
cific agent being developed for ocular use considering the penetration constraints
exerted by the eye after topical or systemic administration. Most of the drugs,
approved for systemic use, are often exploited for ocular use without rationalizing
the penetration characteristics in the drug development stage. Lack of considerable
market size for drugs other than for glaucoma and retinal neovascular conditions
could have been the major limiting factor for not getting much of industrial empha-
sis for ocular-specific drug discovery. Due to the application of modern techniques
on traditional knowledge, ocular applications of herbal drugs are continuously
increasing. However, in most of the cases, there are isolated publications on animal
models or human studies which are not having any big impact for their wider use in
ocular therapeutics. Therefore, developing drug specific for the eye with the consid-
eration of its constraints would be beneficial for the further development of ocular
pharmacology and its application to therapeutics.

1.4 Ocular Pharmacology and Its Practice

Ocular applications of many drugs are due to their mutual borrowings from several
fields of medicine. However, all of them may not been approved for its ocular use due
to the lack of initiation for the application to the regulatory authorities for their use in
ophthalmology. Off-label use of drugs is commonly evident in ophthalmology; there-
fore, requirement of a compounding pharmacy in the final translation of drugs approved
for other systemic use for ocular therapeutics. One of the chapters in this book deals
with extensively about this aspect in detail. Along with the increasing knowledge about
the pathology of ocular disease, we are sure that usage of extemporaneously prepared
drugs might increase further in the future. During such attempts, a rational approach
is expected to justify their appropriate usage in ocular therapeutics.
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Chapter 2
Opportunities for the Development of Newer
Drugs for Ocular Use

Rajinder K. Bhardwaj

Abstract Both anatomically and physiologically, eye is a unique organ containing
several widely varied structures with independent physiological functions. Eye has
a number of distinct features in contrast to other organs as it is isolated from sys-
temic access by the blood-retinal, blood-aqueous, and blood-vitreous barriers.
Topically administered drugs as instillations on eye face a hydrodynamic surface
wherein the physio-chemical properties of the drug determine its penetration across
the cornea. Therefore, drug development for eye requires extensive developmental
considerations to overcome these barriers. This chapter reveals the novel targets for
ocular drug research in the areas of neovascularization, glaucoma, AMD, pharma-
cological vitreolysis, genomic studies and drug delivery.

2.1 Introduction

Compromised visual functions or any disruption to the delicate and complex
anatomy of eye can result into ocular discomfort or loss of vision, which can sub-
stantially deteriorate quality of life. The visual impairment is a serious public health
problem, and the condition will get worse in the next 30 years due to (a) aging
population, (b) increase in chronic diseases affecting eyes, and (c) changing demo-
graphics of the global population (Alward 2003). The ocular diseases such as cata-
ract, diabetic retinopathy, age-related macular degeneration (AMD), and glaucoma
are common among aging population (Akpek and Smith 2013). In addition, there
are other diseases such as idiopathic intracranial hypertension, retinoblastoma,
usher syndrome, and uveal coloboma that can affect the eye and could result into
ocular discomfort (Alward 2003; Akpek and Smith 2013). Both anatomically and
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physiologically, eye is a unique organ containing several widely varied structures
with independent physiological functions. Eye has a number of unique features
when compared to the other organs as it is isolated from systemic access by the
blood-retinal, blood-aqueous, and blood-vitreous barriers. Therefore, research in
ocular pharmacology provides both benefits and challenges for drug discovery and
delivery in developing new medicines for eye diseases. Moreover, wide variation of
ocular sizes and physiology among animal models add another challenge in transla-
tion of results from one species of animal to another and eventually to humans
(Alward 2003).

As per the published reports, the patient burden related to ocular blindness and
visual impairment represents a substantial amount (Rein et al. 2006). The total eco-
nomic burden related to eye diseases report submitted to the National Eye Institute
(NEI) of the National Institutes of Health (NIH) in 1981 was $14.1 billion, whereas
later it was reported that the approximate economic impact of major visual disorders
among patients aged 40 years has been estimated at US$35.4 billion in the USA
(Rein et al. 2006). The centers for disease control and prevention are actively
involved in identifying steps and priorities to strengthen global surveillance systems
to help assess and monitor disparities in eye health and vision loss. The market size
for drugs used in eye diseases is estimated to be $12 billion (US); however, there
appears to be a lack of enough new drug molecules (Rein et al. 2006). Despite
advances in ophthalmic medicine in recent decades and large market potential, there
remains significant opportunity to improve ocular patient care with lower cost of
services. As life expectancy increases, so does the incidence of ophthalmic disease;
therefore, high prevalence of ocular diseases has created significant opportunities
for companies to develop innovative medicines and new technologies. Moreover
recent advances in the molecular understanding of ophthalmic disease biology have
added an unprecedented opportunity to develop new treatments. In the present chap-
ter, we discuss the current opportunities and challenges for the development of
newer drugs for ocular diseases.

2.2 Novel Targets in Ocular Research

To foster the translation of ideas into innovation, this section describes current
understanding and novel drug targets in ocular research as a basis for the discovery
and development of new therapeutic approaches (Fig. 2.1).

2.3 Anti-VEGF Therapy

Vascular endothelial growth factor (VEGF) has been associated with retinal diseases
such as AMD, diabetic retinopathy, retinopathy of prematurity, sickle cell retinopa-
thy, retinal vascular occlusion, and inherited retinal dystrophies (Bock et al. 2007;
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Fig. 2.1 Schematic of target areas in ocular research

Shams and Ianchulev 2006). The VEGF is a dimeric glycoprotein (approximately
40 kDa), a potent endothelial cell mitogen that stimulates proliferation, migration,
and tube formation leading to angiogenic growth of new blood vessels (Bock et al.
2007; Shams and Ianchulev 2006). The VEGF family consists of seven members in
mammals, which are VEGF-A (also known as VEGF), VEGF-B to VEGF-F, and
PIGF (placental growth factor) (Bock et al. 2007; Shams and Ianchulev 2006). The
VEGF receptors belong to the receptor tyrosine kinase family and named as
VEGFR-1/Flt-1, VEGFR-2/KDR/FIk-1, Flt-3/Flk-2, and VEGFR-3/Flt-4 receptors
(Yancopoulos et al. 2000). The first two receptors, i.e., VEGFR-1/Flt-1 and
VEGFR-2/KDR/FIk-1, are primarily involved in angiogenesis, and the latter two
VEGF receptors are involved in hematopoiesis and lymphangiogenesis
(Yancopoulos et al. 2000).

VEGF expressions were seen in astrocytes of the neuroblastic layer near the
optic disc and in Miiller cells of the inner nuclear layer (Stone et al. 1995). The
expression of VEGF advances towards the periphery with a gradual downregulation
in the central retina (Stone et al. 1995). The retinal cells that are involved in the
production of VEGF are retinal pigmented epithelium (RPE), astrocytes, Miiller
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cells, vascular endothelium, and ganglion cells (Provis et al. 1997). The gene expres-
sion of VEGF is regulated by oxygen tension that helps tissues adjust vascular sup-
ply to oxygen demand (Goldberg and Schneider 1994). Animal models involving
rats and mice demonstrated that retinal cells produce adequate levels of VEGF, and
its expression was decreased in response to hyperoxia thus playing an important
role in retinopathy under hypoxic conditions (Alon et al. 1995; Pierce et al. 1996).
Additionally, studies under hypoxic conditions have shown Miiller cells and astro-
cytes produce higher amounts of VEGF (Morrison and Aschner 2007). Furthermore,
clinical data obtained in humans also suggested role of VEGF in retinopathy and
other ocular diseases (Penn et al. 2008). This is supported by studies where levels of
VEGF were increased in ocular fluid from patients with diabetic retinopathy and
other retinal neovascularizing diseases (Adamis et al. 1994; Pe’er et al. 1995).

Ocular anti-VEGF therapy approach represents one of the significant advances in
ocular drug therapy (Penn et al. 2008). Multiple studies in patients have demon-
strated the role of antiangiogenic therapies targeting VEGF as an effective therapy
in treating AMD (Penn et al. 2008). Globally, AMD is the leading cause of legal
blindness, affecting 10-13 % of adults over 65 years of age based on increased life
expectancy (Friedman et al. 2004). Additionally, the growing negative impact of
environmental risk factors such as arteriosclerosis, obesity, and smoking is expected
to double the AMD by 2020 (Friedman et al. 2004). Patients affected by AMD have
shown improvements with anti-VEGF treatments (Penn et al. 2008). In addition, the
improvement in their vision was enhanced due to increased understanding of the
mechanisms of ocular angiogenesis (Schmidt-Erfurth et al. 2014).

Bevacizumab is a recombinant humanized monoclonal antibody that blocks
angiogenesis by inhibiting VEGF. It was the first clinically available angiogenesis
inhibitor (Rosenfeld et al. 2005). Bevacizumab was approved by the Food and Drug
Administration (FDA) in 2004 as anti-VEGF therapy for AMD (Rosenfeld et al.
2005). Moshfeghi et al. studied the effect of systemic bevacizumab therapy on
patients with AMD in a 24-week uncontrolled open-label clinical study. The results
showed improvement in visual acuity within the first 2 weeks and by 24 weeks
(Moshfeghi et al. 2006). Overall, the bevacizumab therapy was well tolerated and
effective in patients (Moshfeghi et al. 2006). Another monoclonal antibody frag-
ment (Fab) is ranibizumab, which was created from the same parent mouse anti-
body as bevacizumab, and the effectiveness is similar to that of bevacizumab
(Schmucker et al. 2012). Heier et al. assessed the safety of ranibizumab in treating
AMD in a multidose study. Sixty-four patients with subfoveal predominantly or
minimally classic AMD-related choroidal neovascularization were enrolled in the
study (Heier et al. 2006). The results demonstrated improvement in visual acuity
from baseline and decease in areas of leakage and subretinal fluid (Heier et al.
2006). Additionally, repeated intravitreal injections of ranibizumab had a good
safety profile in subjects with neovascular AMD (Heier et al. 2006).

Aflibercept is another example that inhibits receptor binding by trapping VEGF
in the extracellular space (Stewart 2013). It inhibits the activity of the vascular
endothelial growth factor subtypes VEGF-A and VEGF-B thus inhibiting the growth
of new blood vessels (Stewart 2013). Zehetner et al. studied the systemic levels of
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vascular endothelial growth factor before and after intravitreal injection of afliber-
cept in patients with exudative AMD (Zehetner et al. 2015). Seven days after intra-
vitreal injection of aflibercept, plasma levels were significantly reduced to values
below the minimum detectable dose (MDD) in 17 of 19 patients (89.5 %) resulting
in a median VEGF concentration of <9 pg/ml (p <0.001) (Zehetner et al. 2015). The
reduction persisted throughout 1 month with values below the MDD in 5 of 19
patients (26.3 %) and a median measurement of 17.0 pg/ml (»p<0.001) (Zehetner
et al. 2015). Thus the results demonstrated significant reduction of VEGF levels
throughout the observational period of 4 weeks suggesting role of anti-VEGF ther-
apy and effectiveness against AMD (Zehetner et al. 2015). In a recent study,
Kawashima et al. looked at the visual and anatomic outcomes in response to the
changing treatment to aflibercept in patients with neovascular AMD and polypoidal
choroidal vasculopathy (PCV) refractory to previous treatment with ranibizumab.
The results suggested switching to aflibercept is generally effective regardless of
patient genotype (Kawashima et al. 2014). Comparing between the ocular diseases,
PCV patients showed benefit more significantly than AMD patients (Kawashima
et al. 2014). In an another study, Michalewski et al. studied efficacy of single dose
of aflibercept in bevacizumab nonresponders patients with persistent intraretinal or
subretinal fluid treated with 6 or more monthly bevacizumab (Michalewski et al.
2014). After switching to aflibercept, the visual acuity was significantly improved
(p=0.01) and was stable for the remaining 6 months of the study suggesting afliber-
cept improves visual outcome in bevacizumab nonresponders (Michalewski et al.
2014). Moreover, Peden et al. reported the long-term outcomes in eyes receiving
fixed-interval dosing of anti-VEGF therapy in the form of ranibizumab, bevaci-
zumab, or aflibercept administration for at least 5 years in 109 eyes with exudative
AMD. The results showed greatest visual gains at 5 and 7 years in those patients
with AMD with vision stabilizing or improving in 93.2 % of eyes with anti-VEGF
therapy (Peden et al. 2015). Additionally, 43.2 % of patients maintained driving
vision in the treatment eye at 7 years compared with 10.1 % at baseline suggesting
better outcomes with continuous therapy over sporadic therapy (Peden et al. 2015).

In addition to AMD, other indications such as diabetic macular edema (DME)
and proliferative diabetic retinopathy have also been explored to be treated by anti-
VEGEF therapy (Penn et al. 2008). Diabetic macular edema (DME) is one of the
primary causes of visual impairment due to diabetic retinopathy (Penn et al. 2008).
The traditional standard treatment of DME is photocoagulation, but with the advent
of anti-VEGF therapies, the role of anti-VEGF agents has become increasingly
explored (Penn et al. 2008). Adelman et al. compared the efficacy of different ocular
drug therapies in the treatment of DME using clinical information provided on 2603
patients with macular edema including 870 patients with DME. The administration
of anti-VEGF therapy resulted in significant improvement in visual functions in
DME patients (Adelman et al. 2015). The use of anti-VEGF therapy also produced
an inhibition of vascular proliferation which resulted into improvement of vision of
people with proliferative diabetic retinopathy (Martinez-Zapata et al. 2014). The
proliferative diabetic retinopathy is a complication of diabetic retinopathy where
panretinal photocoagulation (PRP) is the treatment of choice (Martinez-Zapata
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et al. 2014). In a study reported by Kambhampati et al., dendrimer triamcinolone
acetonide conjugates used as antiangiogenic agent in proliferative diabetic retinopa-
thy showed efficacy by suppressing VEGF production in hypoxic retinal pigment
epithelial cells (Kambhampati et al. 2015).

There are various other alternative approaches to inhibit ocular angiogenesis that
can be explored during ocular drug discovery and development to improve vision
loss related to neovascularization and diabetic retinopathy (Penn et al. 2008; Jacot
and Sherris 2011). The PI3K/AKT/MTOR pathway is an intracellular signaling
pathway important in regulating the cell cycle. The inhibition of PI3K/AKT/MTOR
pathway presents a unique opportunity for the management of ocular neovascular-
ization and diabetic retinopathy (Penn et al. 2008; Jacot and Sherris 2011). The
PI3K/AKT/MTOR inhibitors work by suppressing HIF-1a, VEGF, leakage, and
breakdown of the blood-retinal barrier thus imparting a pronounced inhibitory
effect on inflammation (Penn et al. 2008; Jacot and Sherris 2011). Eventually, the
inhibitors also suppress IkappaB kinase (IKK) and nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB) along with downstream inflammatory cyto-
kines, chemokines, and adhesion molecules (Penn et al. 2008). Jacot et al. and
Sasore et al. have studied deciphering combinations of PI3K/AKT/mTOR pathway
drugs which could result into augmenting antiangiogenic efficacy in vivo (Jacot
et al. 2011; Sasore et al. 2014). Using both the zebra fish intersegmental vessel and
hyaloid vessel assays to measure the in vivo antiangiogenic efficacy of PI3K/Akt/
mTOR pathway inhibitors, the results highlighted the potential of combinations of
PI3K/AKT/mTOR pathway inhibitors to safely and effectively treat ocular neovas-
cularization (Sasore et al. 2014). Additionally, some other examples of PI3K/AKT/
MTOR inhibitors are everolimus and palomid drugs which are under clinical devel-
opment in patients with wet AMD (Sasore et al. 2014).

Another potential approach in ocular drug discovery is sphingosine- 1-phosphate
(S1P), a signaling sphingolipid, also known as lysosphingolipid (Maines et al. 2006).
It is an extracellular ligand for SIP receptor 1 and involved in the regulation of a
variety of cellular processes. Skoura et al. in the murine model of oxygen-induced
retinopathy demonstrated a knockout of S1P2 receptors has been shown to mitigate
vascular growth and permeability (Skoura et al. 2007). Preclinical studies have
shown intravitreous anti-S1P monoclonal antibody inhibited CNV formation and
subretinal collagen deposition (Xie et al. 2009). The mechanism of action of S1P
appears to be independent from those of anti-VEGF agents, indicating the potential
of S1P antibodies to serve as a monotherapy, or it could be an adjunct therapy to
anti-VEGF agents for the treatment of neovascular AMD (Xie et al. 2009).

2.4 Lowering Intraocular Pressure (IOP)

Glaucoma is a progressive optic neuropathy which results into loss of vision caused
by impairment of trabecular meshwork, optic nerve head, and retinal ganglion cells
(Sommer et al. 1991). It is also described as a group of eye disorders that result in
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optic nerve damage, often associated with IOP (Sommer et al. 1991). Glaucoma can
be categorized into (a) open-angle and (b) closed-angle glaucoma (Sommer et al.
1991). The open-angle glaucoma is developed slowly over time, is painless, and
often has no symptoms until the disease has progressed significantly (Sommer et al.
1991). The treatment of open-angle glaucoma is to lower the pressure or utilize
pressure-reducing glaucoma surgeries (Sommer et al. 1991). The other form as
closed-angle glaucoma resulting from a sudden spike in intraocular pressure is asso-
ciated with sudden eye pain, redness, nausea, and vomiting, and it is treated as a
medical emergency (Sommer et al. 1991). These two forms of glaucoma have
affected 60.5 million people worldwide in 2010, and this number would increase to
79.6 million by 2020 (Resnikoff et al. 2004). Epidemiological studies have shown
that African-American with ages 60 and older and people with a family history of
glaucoma are susceptible to glaucoma (Resnikoff et al. 2004). Significant advances
are being made by pharmaceutical companies and academia for the successful man-
agement of glaucoma that include discovery of novel molecular entities and deliv-
ery systems to improve medical therapy. Thus, discovering new drugs to lower [OP
is another potential area in ocular research.

Intraocular pressure is a condition when the rate of aqueous inflow is the same
as the rate of aqueous outflow (Liu and Weinreb 2011). The aqueous humor is
drained by trabecular meshwork and the uveoscleral pathway, whereas it is secreted
into the eye by the ciliary body (Weinreb 2011). The IOP shows diurnal variation
for normal eyes, ranging from 3 to 6 mmHg, and the variation may increase in
glaucomatous eyes (Sena and Lindsley 2013). Ocular hypertension is the most
important risk factor for glaucoma, and it has been observed that increase in IOP is
associated with certain types of glaucoma, as well as iritis or retinal detachment.
The IOP can be elevated due to anatomic problems, increasing age, inflammation
of the eye, genetic factors, and side effect from coadministered medication (Sena
and Lindsley 2013).

Multiple classes of medications are used to treat glaucoma, with several different
drugs in each class (Sommer et al. 1991; Resnikoff et al. 2004; Liu et al. 2011).
Among the multiple therapeutic agents for lowering IOP in glaucoma, cholinergic
agents have been extensively used as they act on muscarinic receptors located on the
ciliary muscle to increase outflow through the trabecular meshwork (Migdal 2000).
The most common drug that is used under cholinergic agent is pilocarpine; however,
its use is limited by the ocular side effect such as miosis, myopia, browache, and
dimming of vision (Migdal 2000). Another category of medication is carbonic anhy-
drase inhibitors that act through suppressing the activity of carbonic anhydrase
enzyme (Scozzafava and Supuran 2014). The primary function of carbonic anhy-
drase enzyme is to interconvert carbon dioxide and bicarbonate to maintain acid-base
balance in blood and other tissues and to help transport carbon dioxide out of tissues
(Scozzafava and Supuran 2014). The dorzolamide and brinzolamide are the most
commonly utilized carbonic anhydrase inhibitors to lower intraocular pressure in
patients with open-angle glaucoma or ocular hypertension (Scozzafava and Supuran
2014; Pinard et al. 2013). Another target to lower IOP is the use of beta-adrenergic
receptor blockers (Nathanson 1981). Beta-blockers are a class of drugs that are
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developed earlier for the management of cardiac arrhythmias; however, they have
shown to reduce IOP by reducing aqueous humor formation (Nathanson 1981). They
act by blocking adrenergic B-receptor from activation of adenylyl cyclase and cAMP
formation to regulate aqueous humor formation in the ciliary process (Nathanson
1981). Timolol, a beta-blocker, has been used to treat open-angle and occasionally
secondary glaucoma acts by reducing aqueous humor production through blockage
of the beta-receptors on the ciliary epithelium (Daka and Trkulja 2014). Inoue et al.
evaluated dorzolamide and timolol fixed-combination eyedrops versus the separate
use of both drugs in 34 patients with either primary open-angle glaucoma or ocular
hypertension. The replacement of concomitant treatment with dorzolamide or timo-
lol maleate eyedrops with dorzolamide/timolol maleate combination eyedrops
improved protocol adherence and preserved the IOP (Inoue et al. 2012).

The alpha-adrenergic receptor, a G protein-coupled receptor (GPCR) agonist, is
used in the treatment of glaucoma by decreasing the production of aqueous fluid by
the ciliary bodies of the eye and also by increasing uveoscleral outflow (Arthur and
Cantor 2011). The most common alpha-adrenergic receptors used clinically are
apraclonidine, brimonidine, and dipivefrin (Arthur and Cantor 2011). Fan et al.
studied daytime and nighttime effects of brimonidine on IOP and aqueous humor
dynamics in thirty participants with ocular hypertension. The results in subjects
with ocular hypertension showed brimonidine treatment for 6 weeks significantly
reduced seated IOP during the day by increasing uveoscleral outflow (Fan et al.
2014). Chen et al. evaluated the comparison of efficacy and safety of brimonidine
with those of apraclonidine in preventing IOP elevations after anterior segment laser
surgery in 80 patients (Chen 2005). The results demonstrated a single preoperative
drop of brimonidine had similar efficacy and safety as apraclonidine in preventing
IOP elevations immediately after anterior segment laser surgery (Chen 2005).
Developing prostaglandin F receptor (PTGFR) analogs is another area as these
agents have shown to increase aqueous outflow by altering the composition of the
extracellular matrix in the ciliary muscle and trabecular meshwork (Lindén and Alm
1999). The analogs for PTGFR have been reported to be the most effective of the
IOP-lowering agents; however, adverse effects such as lengthening and thickening
of eyelashes have been observed suggesting the need of developing safer PTGFR
analogs (Lindén and Alm 1999). The most common analogs are latanoprost, travo-
prost, bimatoprost, and unoprostone (Lindén and Alm 1999). The PF04217329 is
another selective agonist of prostaglandin E receptor 2 in clinical development with
studies showing significant reduction of IOP in patients with primary open-angle
glaucoma and ocular hypertension (Schachar et al. 2011).

Another potential target in the treatment of glaucoma is developing drugs target-
ing Rho/ROCK pathway (Wang et al. 2013). It plays an important role in the syn-
thesis of extracellular matrix components in the aqueous humor outflow tissue and
the permeability of Schlemm’s canal endothelial cells (Wang et al. 2013). The acti-
vation of the Rho/ROCK pathway results in trabecular meshwork (TM) contraction
(Wang et al. 2013). In addition, the inhibition of this pathway would provoke relax-
ation of TM with subsequent increase in outflow facility resulting in decrease of
IOP (Wang et al. 2013). The RhoA/ROCK pathway is also involved in optic nerve
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neuroprotection, improves retinal ganglion cell (RGC) survival, and promotes RGC
axon regeneration (Wang et al. 2013). Overall, ROCK inhibitors have the ability to
lower IOP in patients with primary open-angle glaucoma and/or ocular hyperten-
sion by increasing the outflow through the trabecular meshwork (Wang et al. 2013).
Another class of drugs used in glaucoma are macrolides (El Sayed et al. 2006;
Rasmussen et al. 2014). These are a group of drugs whose activity stems from the
presence of a macrolide ring. The latrunculins are novel marine compounds isolated
from the sponge Latrunculia magnifica that have the ability to inhibit actin polym-
erization thus resulting in increased outflow (El Sayed et al. 2006). Rasmussen et al.
evaluated the safety, tolerability, and IOP-lowering effect of latrunculin in patients
with ocular hypertension or early primary open-angle glaucoma. In a randomized,
placebo-controlled, ascending-dose study in patients, twice daily latrunculin signifi-
cantly lowered IOP compared with contralateral, placebo-treated eyes, with few and
mild ocular adverse events (Rasmussen et al. 2014).

Recently, endothelin system has also been reported to be involved in the pro-
cesses that lead to vascular dysregulation in glaucoma (Good and Kahook 2010).
Endothelin, a vasoconstrictive agent, has shown to be elevated in aqueous humor of
patients with glaucoma thus capable of inducing the contraction of both trabecular
meshwork cells and the cellular matrix (Good and Kahook 2010). The endothelin
receptor would be another target to lower IOP and could constitute a potential new
treatment modality to manage glaucoma through IOP reduction. Resch et al. studied
the effect of dual endothelin receptor blockade on ocular blood flow in patients with
glaucoma and healthy subjects. Bosentan 500 mg daily for 8 days was administered
in fourteen patients with primary open-angle glaucoma (Resch et al. 2009). Retinal
arteries and veins showed a significant dilatation after administration of bosentan
with increased choroidal and optic nerve head blood flow.

Connective tissue growth factor (CTGF) has also been involved in the pathogen-
esis of glaucoma (Su et al. 2013). The CTGF induces extracellular matrix (ECM)
synthesis and contractility in human trabecular meshwork (HTM) cells (Su et al.
2013). Su et al. studied adenovirus-carried connective tissue growth factor on extra-
cellular matrix in trabecular meshwork and its role on aqueous humor outflow facility.
The results of the study suggested transfection with adenovirus-CTGF significantly
affects the aqueous humor outflow pattern thus demonstrating CTGF is one of the
novel targets for treatment of primary open-angle glaucoma (Su et al. 2013). Overall,
better knowledge about trabecular outflow pathway, cytoskeletal reorganization, and
cell adhesion may be needed in discovering new drug molecules for glaucoma.

2.5 Complement Pathway Inhibitors

The complement system, an innate immunity system of the body, consists of a num-
ber of small proteins found in the blood that supports the ability of antibodies and
phagocytic cells to clear pathogens from an organism (Jha et al. 2007). Additionally,
these plasma and membrane bound proteins play an important role in the defense
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against infection and in the modulation of immune and inflammatory responses (Jha
et al. 2007). Various studies have reported the complement system pathway in the
eye (cornea, aqueous humor, tears, and retina) (Jha et al. 2007). In addition, differ-
ent proteins which are present in ocular tissues that regulate the activation of the
complement system are C1 esterase inhibitor (C1 inhibitor), decay-accelerating fac-
tor (DAF), membrane cofactor protein (MCP), MAC-inhibitory protein (MAC-IP),
factor I, and factor H (Jha et al. 2007). Sohn et al. have reported that complement
system works at the level of C3 convertase to prevent the intraocular inflammation
(Sohn et al. 2007). The complement system is involved in protecting cornea from
pathogenic microorganisms and inflammatory antigens in response to bacterial
infection (Mondino et al. 1996).

Both humans and preclinical animal models have shown the involvement of
complement pathway in the pathogenesis of a large number of diseases, including
ocular diseases (Thurman and Holers 2006). The ocular disease include corneal
diseases, autoimmune uveitis, AMD, and diabetic retinopathy. Sivaprasad et al.
determined the role of systemic complement activation in the pathogenesis of AMD
(Sivaprasad et al. 2007). In 42 subjects each with early age-related maculopathy and
neovascular (wet) age-related macular degeneration, plasma complement C3adesArg
levels and a single nucleotide polymorphism at position 402 of the complement fac-
tor H gene (CFH) were determined (Sivaprasad et al. 2007). The results demon-
strated increase in the complement C3adesArg concentration compared to the
age-matched controls suggesting C3adesArg is an indicator of complement activa-
tion in AMD (Sivaprasad et al. 2007). The complement pathway has also been
involved in non-exudative AMD as studies conducted by Johnson et al. have shown
the accumulation of abnormal extracellular deposits, called drusen, adjacent to the
basal surface of the retinal-pigmented epithelium cells (Johnson et al. 2011).
Joachim et al. evaluated the incidence, progression, and associated risk factors of
medium drusen in AMD patients. Among 1317 participants at risk, the 15-year
cumulative incidence of medium drusen was 13.9 %, and the increasing age and the
presence of at least-risk alleles of the CFH were associated with a higher incidence
(Joachim et al. 2015). Additionally, the progression rate to late AMD in the eyes
with both medium drusen and retinal pigmentary abnormalities was fourfold higher
than that in the eyes with medium drusen alone (Joachim et al. 2015).

Under the complement activation family, factor H is another member of the regu-
lators and also called as complement control protein (J6zsi and Zipfel 2008). It is a
soluble glycoprotein with 155 kDa structure which is involved in the regulation of
alternative pathway of the complement system (J6zsi and Zipfel 2008). It helps the
complement system in directing towards pathogens or other dangerous material and
does not damage host tissue (J6zsi and Zipfel 2008). In ocular pharmacology, factor
H-like proteins regulate the complement system by acting as a cofactor for factor
H-mediated inactivation of C3b (Zipfel et al. 2002). In addition, factor H-like pro-
teins are present in vitreous fluid of the eyes and expressed by retinal pigment epi-
thelium cells (Zipfel et al. 2002). A variation in factor H gene is associated with a
significant risk in humans with AMD (Hageman et al. 2005). Khandhadia et al.
investigated whether modification of liver complement factor H (CFH) production,
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by alteration of liver CFH Y402H genotype through liver transplantation, influences
the development of AMD in patients greater than 55 years (Khandhadia et al. 2013).
The results showed AMD was associated with recipient CFH Y402H genotype and
local intraocular complement activity is important in AMD pathogenesis
(Khandhadia et al. 2013). The involvement of complement system plays an impor-
tant role in the pathogenesis of diabetic retinopathy (Kastelan et al. 2007). Gerl
et al. evaluated the presence of activated complement components in eyes affected
by diabetic retinopathy in the eyes of 50 deceased donors with diabetic retinopathy
and of 10 nondiabetic subjects with uveal melanoma (Gerl et al. 2002). Utilizing
immunohistochemical studies, extensive deposits of complement C5b-9 complexes
were detected in the choriocapillaris in diabetic retinopathy (Gerl et al. 2002). The
presence of C3d, C5b-9, and vitronectin suggested that complement activation
occurs to completion in the eyes affected by diabetic retinopathy.

Complement system has also been involved in uveitis, a disease associated with
inflammation of the uvea (Mondino et al. 1984). Under uveitis, anterior uveitis (AU)
is the most prevalent form of uveitis, and complement activation products such as
C3b and C4b have been demonstrated to be present in the eyes of patients with AU
(Mondino et al. 1984). Jha et al. reported complement system plays a critical role in
the development of experimental autoimmune anterior uveitis. In an animal model,
autoimmune anterior uveitis was induced by immunization with bovine melanin-
associated antigen (Jha et al. 2007). The results demonstrated a correlation between
ocular complement activation and disease progression in autoimmune anterior uve-
itis (Jha et al. 2007). Moreover, the incidence and severity of disease were dramati-
cally reduced after active immunization in complement-depleted rats thus suggesting
presence of complement was critical for local production of cytokines, chemokines,
and adhesion molecules (Jha et al. 2007). The finding suggested complement activa-
tion plays a central role in the pathogenesis of ocular autoimmunity and may serve
as a potential target for therapeutic intervention (Jha et al. 2007). The complement
system has also been involved in protecting cornea from insults due to pathogenic
microorganisms and inflammatory antigens (Cleveland et al. 1983). Depletion of
complement system protein C3 may result into corneal infection (Cleveland et al.
1983). Therefore, suggesting the functions associated with C3, such as opsonization
and regulation of phagocytosis, may be critical in protection of the cornea from
bacterial infection. In summary, various strategies in drug discovery can be explored
to modulate complement system for discovering new medicine in ocular diseases.

2.6 Visual Cycle Inhibitors

Visual cycle inhibitors act by reducing the accumulation of fluorophores in retinal
pigment epithelium cells (Mata et al. 2000; Sparrow et al. 2000). The visual cycle is
involved in regenerating 11-cis-retinal by sequence of enzymatic reactions through
a pathway located in both retinal pigment epithelium and photoreceptor cells (Mata
et al. 2000; Sparrow et al. 2000). This pathway serves as a substrate for the uptake
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of retinol by the retinal pigment epithelium cells within the eye, whereas aberrant
accumulation of cellular debris or lipofuscin results into ocular disease (Mata et al.
2000; Sparrow et al. 2000). The ACU-4429 is a first in class small-molecule visual
cycle modulator that inhibits the isomerase complex (Kubota et al. 2012). In mouse
model of retinal degeneration, after 45-min dark adaptation, electroretinographic
findings demonstrated dose-related slowing of the rate of recovery after administra-
tion of ACU-4429 (Kubota et al. 2012). In another study, Moiseyev et al. studied
inhibition of visual cycle by A2E through direct interaction with retinal pigment
epithelium 65 isomerohydrolase and implications in stargardt disease (Moiseyev
et al. 2010). Pyridinium bis-retinoid A2E is a major component of lipofuscin which
accumulates in retinal pigment epithelium cells in stargardt disease and contributes
to the disease pathogenesis (Moiseyev et al. 2010). The study demonstrated A2E
efficiently inhibits with retinal pigment epithelium 65 isomerohydrolase enzyme
(Moiseyev et al. 2010). Furthermore, the experiments demonstrated the fluores-
cence of retinal pigment epithelium 65 isomerohydrolase decreased upon incubation
with A2E suggesting A2E inhibits the regeneration of 11-cis retinal, a mechanism
by which A2E may impair vision in stargardt disease (Moiseyev et al. 2010).

Other visual cycle inhibitor that is under clinical development is fenretinide, an
oral synthetic retinoid derivative (Berni and Formelli 1992). Under physiological
conditions, the retinol necessary for the regeneration of 11-cis-retinal is delivered to
the retinal pigment cells in a complex formed by retinol-binding protein (RBP), reti-
nol, and transthyretin (TTR) (Berni and Formelli 1992). Fenretinide works through
binding to the RBP in the circulation and prevents the association with retinol thus
inhibiting the transport of retinol to the RPE and decreasing its presence in the visual
cycle (Berni and Formelli 1992). Additionally, RBP-fenretinide complex is removed
by the kidneys through urine, thus reducing the circulating quantity of RBP (Berni
and Formelli 1992; Mata et al. 2013). Samuel et al. studied the effect of fenretinide
in inducing ubiquitin-dependent proteasomal degradation of stearoyl-CoA desatu-
rase in human retinal pigment epithelial cells (Samuel et al. 2014). The study dem-
onstrated fenretinide decreased stearoyl-CoA desaturase protein and enzymatic
activity suggesting role of fenretinide against retinal diseases (Samuel et al. 2014).
In a study with 246 patients for treatment of geographic atrophy in AMD, the effi-
cacy of fenretinide was studied after oral administration of 100 and 300 mg dosing
for 2 years (Mata et al. 2013). The results demonstrated dose-dependent reversible
reductions in serum RBP-retinol, reduced lesion growth rates, and reduced rate of
choroidal neovascularization (Mata et al. 2013). In summary, discovering com-
pounds to be visual cycle inhibitors is a promising area in ocular research, and the
discovery of novel compounds can benefit various ocular diseases.

2.7 Pharmacologic Vitreolysis

With increasing knowledge of vitreoretinal disorders and the role of anomalous
posterior vitreous detachment in vitreomaculopathies, pharmacologic vitreolysis
has emerged as a new treatment modality (Sebag 1998). Pharmacologic vitreolysis
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is a nonsurgical approach to release tractional forces at the vitreoretinal interface by
injecting an enzyme with proteolytic activity against fibronectin and laminin into
the vitreous cavity (Sebag 1998). Sebag firstly defined pharmacologic vitreolytic
compounds as agents that alter the molecular organization of vitreous in an effort to
reduce or eliminate its role in disease (Sebag 1998). The agents used as pharmaco-
logic vitreolysis can be classified by their mechanism of action, whether they induce
liquefaction of the vitreous (liquefactant) or vitreous separation from the retina
(interfactant) (Bandello et al. 2013). The tissue plasminogen activator (tPA),
plasmin, microplasmin, nattokinase, and vitreosolve are believed to be both
liquefactants and interfactants, whereas hyaluronidase is used as liquefactant. The
majority of agents used for pharmacologic vitreolysis are enzymes (tPA,
microplasmin, nattokinase, chondroitinase, dispase, and hyaluronidase), whereas
the nonenzymatic agents used are urea/vitreosolve and arginine-glycine-aspartate
peptides (Bandello et al. 2013).

Plasmin, a nonspecific serine protease, acts by degrading fibrin and other extra-
cellular matrix components, including laminin and fibronectin (Liotta et al. 1981).
Plasmin may also indirectly generate increased levels of other nonspecific proteases
such as matrix metalloproteinases and elastase (Baramova et al. 1997). Both pre-
clinical and clinical studies have shown ability of plasmin to achieve a complete
vitreoretinal separation (Liotta et al. 1981). In addition, strong correlation was
observed between plasmin concentration, exposure time, and the resultant extent of
vitreoretinal separation (Liotta et al. 1981). Plasmin as autologous plasmin enzyme
(APE) was used in the surgical treatment of pediatric traumatic macular holes
(Margherio et al. 1998), stage 5 retinopathy of prematurity (Wu et al. 2008), and
complicated X-linked retinoschisis showing improved anatomic outcomes.
Ocriplasmin (microplasmin) is a recombinant product which has proteolytic activity
of targeting vitreoretinal interface such as fibronectin and laminin (Tsui et al. 2012).
The mechanism of ocriplasmin involves two steps, i.e., it is involved in vitreoretinal
separation and vitreous liquefaction (Tsui et al. 2012). Ocriplasmin has shown
greater penetration of vitreous and epiretinal tissues as compared to plasmin with
reduced risk of microbial contamination associated with blood derivatives (Tsui
et al. 2012). Multiple studies in animal models have shown its activity using por-
cine, rat, and rabbit eyes (Tsui et al. 2012). Ocriplasmin demonstrated efficacy and
safety for the treatment of patients with symptomatic vitreomacular adhesion or
vitreomacular traction, including patients with macular holes (Khoshnevis and
Sebag 2015). The patients treated with ocriplasmin were more likely not to require
vitrectomy surgery (Khoshnevis and Sebag 2015). In a clinical trial with 125
patients who underwent pars plana vitrectomy for the treatment of either vitreo-
macular traction or macular hole, the results suggested ocriplasmin injection at a
dose of 125 pg led to a greater likelihood of induction and progression of posterior
vitreous detachment than placebo injection (Khoshnevis and Sebag 2015). The
other pharmacologic vitreolysis agent chondroitinase acts by degrading chondroitin
sulfate, whereas nattokinase has a strong fibrinolytic affect (Bandello et al. 2013).
Dispase is a protease which cleaves fibronectin, collagen IV, and, to a lesser extent,
collagen I, and hyaluronidase acts by dissolving the glycosaminoglycan network of
the vitreous gel thus electively considered a liquefactant (Bandello et al. 2013).
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Pharmacologic vitreolysis is an emerging form of drug therapy that is based
upon recent advances in our understanding of vitreous biochemistry and the role of
anomalous posterior vitreous detachment in the pathophysiology of vitreoretinopa-
thies. The role of enzymatic vitreolytic agents have been studied; however, addi-
tional studies are needed to develop more effective drugs. Studies involving
nonenzymatic agents could also be explored as a potential agents for vitreolysis
without collateral damage to adjacent structures. Additionally, combining an anti-
VEGF with a vitreolytic agent to counteract the pathogenesis of neovascularization
is another area to be explored. Moreover, extensive in vitro testing of present and
new agents should be carried out in appropriate animal model studies before treat-
ing patients with evidence of efficacy.

2.8 Neuroprotective Targets

Discovery of neuroprotective compounds is another therapeutic target for diseases
related to the eye. Multiple retinal diseases such as glaucoma, diabetic retinopathy,
and AMD are associated with neurodegenerative disorders in which neurodegen-
eration happens in retinal ganglion cells (Schmidt et al. 2008). Cascade of cellular
signaling events can be triggered by the stimulation of interleukin one receptors,
JUN receptors, glutamate receptors, and tumor necrosis factor receptors (TNFRs)
which results retinal neurons to undergo apoptosis (Schmidt et al. 2008). This
could also result into activation of the proapoptotic proteins such as BCL-2 antag-
onist of cell death (BAD), BH3-interacting domain death agonist (BID), and BCL-
2-associated X protein (BAX), which further releases cytochrome c¢ and activates
the caspase pathways (Schmidt et al. 2008). New drug molecules can be discov-
ered as neuroprotective agents as they should (a) have specific and relevant recep-
tor on the target tissue, (b) have adequate penetration to reach the target tissue in
pharmacologically effective concentrations, (c) increase the neuronal survival or
decrease neuronal damage in animal models, and (d) show efficacy in clinical
trials.

The N-methyl-D-aspartate receptor (NMDA) is a glutamate receptor and ion
channel protein found in nerve cells (Yucel et al. 2003). The activation of the NMDA
receptor signaling pathway could lead to excitotoxicity wherein intracellular cal-
cium overloads retinal ganglion cells causing cell death through apoptosis (Yucel
et al. 2003). Kim et al. studied the relationship between the NMDA receptors and
retinal ganglion cells in a rat model of chronic ocular hypertension using memantine
(10 mg/kg), a NMDA antagonist, administered orally once daily for up to 5 weeks
(Kim et al. 2007). Administration of memantine showed significant reduction in
retinal ganglion cells and NMDA receptor expression in the eyes of rats suggesting
that excessive expression of NMDA receptors are involved in retinal ganglion cell
death in glaucoma (Kim et al. 2007).

Ciliary neurotrophic factor (CNTF), originally discovered in chicken embryo,
has shown neuroprotection of rod photoreceptors in multiple retinal degeneration
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models across several species (Chen and Li 2011). Pease et al. studied the neuropro-
tective effect of CNTF after laser-induced glaucoma in Wistar rats (Pease et al.
2009). The administration CNTF had a significant protective effect, with 15 % less
retinal ganglionic axon cell death. Additionally, there was a quantitative increase in
CNTF expression in retinas exposed to single viral vectors carrying each gene thus
confirming that CNTF can exert a protective effect in experimental glaucoma (Pease
et al. 2009).

The use o2-adrenergic agonists have been another promising approach as they
have shown neuroprotective effects by increasing the retinal ganglionic cells and
axonal function in models utilizing both ocular hypertension and other optic nerve
injuries (Wen et al. 1996). The well-known a2-adrenergic agonists used in ocular
therapy are brimonidine and apraclonidine. Lindsey et al. studied differential protec-
tion of injured retinal ganglion cell dendrites by brimonidine (Lindsey et al. 2015).
The results demonstrated brimonidine treatment significantly slowed the complete
loss of retinal ganglionic cell dendrites and significantly slowed the reduction of total
dendrite length and branching complexity. In addition to a2-adrenergic agonists,
B-blockers are likely to exert a secondary neuroprotective effect. The neuroprotective
effect of B-blockers is primarily via regulation of sodium and calcium channels, which
are linked to the release of glutamate and subsequent activation of NMDA receptors.

Carbonic anhydrase (CA) isoenzyme as discussed before has been involved in
the aqueous humor production in the human anterior segment (Vasudevan et al.
2011; Kniep et al. 2006). The carbonic anhydrase inhibitor dorzolamide has been
involved in reducing the apoptotic pathways (Kniep et al. 2006). Another approach
is developing 5-HT1A agonists as they have shown to have neuroprotective effects
against excitotoxic neuronal damage in animal models (Schmidt et al. 2008). Collier
et al. evaluated the efficacy of 5-HT (1A) agonists to protect the retina from severe
blue light-induced photooxidative damage (Collier et al. 2011). Administrating
AL-8309A in rats provided potent and structural protection suggesting the mecha-
nism of protection is rapidly activated and protection persists for longer period
(Collier et al. 2011). The use of neuroprotectant agents in ocular diseases is undoubt-
edly appealing; however, additional studies (both preclinical and clinical) are
needed to extrapolate mechanisms of such agents to human patients.

2.9 Genomics

Genomic studies have gained attention for the past couple of decades because ocu-
lar complication have shown strong genetic component in the disease progression.
There have been reports on different degrees of primary open-angle glaucoma
observed in different population suggesting role of genetic variation (Cooke Bailey
et al. 2013). It has been observed that prevalence of primary open-angle glaucoma
in individuals of African ancestry is several-fold higher than in those of European
ancestry (Cooke Bailey et al. 2013). Similarly, genetic abnormality has also been
associated with diabetic retinopathy where frequency of diabetic retinopathy varies
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among different ethnicities and its prevalence is higher in individuals with a positive
family history (Cooke Bailey et al. 2013). Drug discovery efforts could be targeted
to the disease-related gene-encoding proteins. The International Age-related
Macular Degeneration Genomics Consortium (IAMDGC) is involved in designing
dataset which could help in understanding disease susceptibility loci and genomic
regions contributing to disease susceptibility for the common blinding ocular disor-
ders (Cooke Bailey et al. 2013).

Stem cell therapy is another area that has gained interest in order to achieve ocu-
lar tissue repair and/or regeneration (Eveleth 2013). The retinal pigment cells can be
derived from patients with geographic atrophy who have a high-genetic-risk geno-
type, and these cells can be subjected to an in vitro high-throughput screen to iden-
tify small molecules that can prevent their death or enhance survival (Eveleth 2013).
A considerable progress has been made in the genomic research to develop clini-
cally useful gene-based tests and therapeutic strategies targeted to the diseases.
Advances in novel gene-based tests and therapies in ocular diseases can help in
reducing the global burden of visual impairment.

2.10 Ocular Drug Delivery

Bioavailability of ocular drugs administered to the anterior segment of the eye is
limited by the corneal and conjunctival epithelial barriers of the eye (Morrison and
Khutoryanskiy 2014). The eyedrops are rapidly drained from the ocular surface
thus resulting into low bioavailability (Morrison and Khutoryanskiy 2014). The
topical absorption can be increased by increasing the dosage forms, but they have
not gained wide acceptance in the patients as administration of topical ocular med-
ications does not reach the posterior segment drug targets. Currently there is an
enormous growing interest in the posterior segment drug delivery (Morrison and
Khutoryanskiy 2014) as multiple posterior segment diseases cannot be treated
effectively with current methods. Intraocular or periocular injections could be
associated with significant complications and often need to be repeated at regular
intervals. Posterior segment delivery of both small and large molecules is chal-
lenging thus suggesting a need of ocular delivery system (Morrison and
Khutoryanskiy 2014).

Due to the anatomic location of the eye, blood-ocular barriers, and an array of
efflux transporters, the delivery of drug to the ocular targets becomes more chal-
lenging. Increasing number of sustained release drug delivery devices using differ-
ent mechanisms are being studied. Other methods on ocular drug delivery that can
be explored in drug discovery are using viscosity enhancers, mucoadhesives, and
penetration enhancers to promote drug transport into the eye. Another area of active
research and development is ocular insert as this method has a drug-loaded device
that resides in the cul-de-sac under the eyelids or fits directly on the cornea like a
contact lens where these devices are often designed to control release of drug mol-
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ecules. Utilization of nanoparticles into ocular diseases is another area due to their
unique capability of enhancing drug efficacy through preferential targeting to dis-
ease sites (Morrison and Khutoryanskiy 2014).

Gillies et al. studied head-to-head comparison of a dexamethasone implant
(Ozurdex) versus bevacizumab (Avastin) for center-involving diabetic macular
edema (DME) in 88 eyes of 61 patients (Gillies et al. 2014). The clinical study
results demonstrated dexamethasone implant achieved similar rates of visual acuity
improvement compared with bevacizumab (Gillies et al. 2014). Cunha-Vaz et al.
showed sustained delivery fluocinolone acetonide vitreous implants on long-term
benefits in patients with chronic diabetic macular edema (Cunha-Vaz et al. 2014).
The results demonstrated that sustained delivery fluocinolone acetonide vitreous
implants provide substantial visual benefit for up to 3 years who do not respond to
other therapy (Cunha-Vaz et al. 2014).

Among various approaches to optimize drug delivery, applications of nanomedi-
cine can have essential roles. Nanoparticles have offered numerous exciting possi-
bilities in health care, and there are clinically approved nanoparticles therapies for
treating ophthalmic diseases. The pegaptanib, an anti-VEGF aptamer conjugated
with branched polyethylene glycol, has been approved for the treatment of AMD
(Trujillo et al. 2007). Additionally, combining synthetic chemistry with a basic
understanding of protein-polymer interactions has led to the efficient encapsulation
and controlled delivery of proteins. Kalita et al. studied in vivo intraocular distribu-
tion and safety of periocular nanoparticle carboplatin for treatment of advanced reti-
noblastoma in humans (Kalita et al. 2014). The study was designed to determine the
intraocular distribution and safety of polymethyl methacrylate nanoparticles loaded
with carboplatin after posterior subtenon injection in six patients scheduled to
undergo planned uniocular enucleation (Kalita et al. 2014). The highest level of
carboplatin was detected in retina indicating an increased facilitated trans-scleral
transport of nanoparticle carboplatin.

Encapsulated cell technology (ECT) is another technique where desired thera-
peutic proteins overexpressed through genetically engineered cells are encapsulated
into semipermeable capsules (Tao 2006). The ECT facilitates the diffusion of nutri-
ents and proteins with the advantage of preventing attack by the host immune sys-
tem (Tao 2006). These technologies are particularly promising as the therapeutic
potential of proteins and monoclonal antibodies is increasingly becoming realized
in ophthalmology, particularly for halting retinal angiogenesis (Tao 2006). Zhang
et al. studied ciliary neurotrophic factor delivered by encapsulated cell intraocular
implants for treatment of geographic atrophy in AMD (Zhang et al. 2011). In a pilot,
proof of concept phase 2 study, Zhang et al. evaluated ciliary neurotrophic factor
(CNTF) delivered via an intraocular encapsulated cell technology implant for the
treatment of geographic atrophy in a multicenter, double-masked, sham-controlled
dose-ranging study (Zhang et al. 2011). Both the implant and the implant procedure
were well tolerated (Zhang et al. 2011). The findings suggested that CNTF deliv-
ered by the encapsulated cell technology implant appeared to slow the progression
of vision loss in geographic atrophy (Zhang et al. 2011).
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Many successes in prolonging retention time and reducing administration fre-
quency have been achieved in ocular drug delivery approaches using biodegradable
or nonbiodegradable polymers. Various other approaches such as novel therapeutic
molecules such as an antisense oligonucleotide or a small interfering RNA might be
applicable in the ophthalmic field. Additional studies are needed in this field that
might help in improving patient’s and doctor’s compliance.

2.11 Conclusions

Pharmaceutical industry spends billion US dollars on research and development
each year on new drug discovery and development; however, right selection of drug
target is one of the challenges which needs considerable attention. There have been
multiple targets reported in literature as a potential to discover new ocular drugs;
however, more knowledge may be required to better understand the characteristics
and biological diversity of targets. Presently, therapies targeting VEGF have shown
efficacy against eye diseases such as AMD, diabetic macular edema, and retinal
vein-occlusive diseases; however, new agents targeting with higher efficacy for
these diseases can be discovered. Additionally, several other blinding disorders,
such as geographic atrophy, for which no effective therapies are currently available,
can be explored for drug targets in ocular research. Similarly, new drug molecules
targeting other areas such as lowering IOP, visual cycle inhibitors, protein vitroly-
sis, and neuroprotective agents can be explored. In addition, use of genomics and
ocular drug release platforms to deliver either small or large molecule drugs is an
important focus of future research. Finally, we need to develop suitable in vitro
models and translational research where animal models can accurately recapitulate
ophthalmic diseases in humans in order to validate new therapeutic agents before
embarking on expensive clinical trials. In conclusion, discovering new drug mole-
cules and preventing the loss of vision will present both great opportunities and
challenges in the coming years.
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Chapter 3
Drug Transport Across Blood-Ocular Barriers
and Pharmacokinetics

Jose Cunha-Vaz, Francisco Batel Marques, Rosa Fernandes, Carlos Alves,
and Thirumurthy Velpandian

Abstract Systemically administered drugs do not reach or have limited diffusion into
the eye due to the presence of various ocular barriers. Therefore, intravitreal, intracam-
eral, subconjunctival and sub-tenon routes are the preferred options for directly inject-
ing drugs to into the eyes or ocular structures. Presence of drug transporters in the
ocular or retinal barriers play a vital role in the ocular pharmacokinetics of the drugs
administered by systemic or direct injection routes. This chapter discusses the involve-
ment of various transporters in providing barrier functions for the transport of drugs in
and out of eye. It also discusses about the general principles regarding ocular pharma-
cokinetics of drugs applied systemically and topically. Studies revealing the functional
importance of transporters in barriers and models developed to predict the ocular kinet-
ics of drugs, pharmaceutical factors, ocular drug metabolism and elimination are dis-
cussed to give further understanding while selecting a suitable drug for ocular therapy.

J. Cunha-Vaz, MD, PhD, FAAO (1)
Department of Ophthalmology, Coimbra University Hospital, Coimbra, Portugal
e-mail: cunhavaz@aibili.p

F.B. Marques, PhD

Centre for Heath Technology Assessment and Drug Research (CHAD),

AIBILI Association for Innovation and Biomedical Research on Light and Image (AIBILI),
Azinhaga de Santa Comba, Celas 3000-548, Coimbra, Portugal

R. Fernandes, PhD

Laboratério de Farmacologia e Terapéutica Experimental,
IBILI — Faculdade de Medicina da Universidade de Coimbra,
Azinhaga de Santa Comba, Celas 3000-548, Coimbra, Portugal

C. Alves, PhD
School of Pharmacy, University of Coimbra,
Azinhaga de Santa Comba, Celas 3000-548, Coimbra, Portugal

T. Velpandian, BPharm, MS(Pharmacol), PhD

Ocular Pharmacology and Pharmacy, Dr. RP Centre for Ophthalmic Sciences,
All India Institute of Medical Sciences, New Delhi 110 029, India

e-mail: tvelpandian @hotmail.com

© Springer International Publishing Switzerland 2016 37
T. Velpandian (ed.), Pharmacology of Ocular Therapeutics,
DOI 10.1007/978-3-319-25498-2_3


mailto:cunhavaz@aibili.p
mailto:tvelpandian@hotmail.com

38 J. Cunha-Vaz et al.

3.1 Blood-Ocular Barriers

Jose Cunha-Vaz, MD, PhD, FAAO, Francisco Batel Marques, PhD,
Rosa Fernandes, PhD, and Carlos Alves, PhD

3.1.1 Introduction

The objective of medical therapy is to achieve the best favorable effects of drugs
and to avoid their undesirable, unwanted side effects. The principles of
pharmacokinetics — absorption, distribution, metabolism or biotransformation,
and elimination — constitute a key knowledge for the appropriate choice and clini-
cal success of therapeutic drug regimens (Buxton and Benet 2011). Unlike the
vast majority of human organs, the eye is relatively excluded from the access of
systemic circulating blood by several barriers (Jordan and Jordan and Ruiz-
Moreno 2013). Therefore, direct administration of drugs in the eye, either topi-
cally or by ocular injection, is considered as specific routes of drug administration
(Jorddan and Ruiz-Moreno 2013). In order to have pharmacological activity, a
drug must be present at the local site of action, which, in turn, requires its absorp-
tion and distribution. Absorption refers to the extent of drug reaching the sys-
temic blood circulation or the central compartment (Buxton and Benet 2011). For
oral administered drugs, several variables influence the absorption, such as the
physical state of the drug, the blood flow at the local absorption, and the presence
of ionized/nonionized forms (Buxton and Benet 2011). However, bioavailability
is the concept reflecting the amount of drug reaching the local action after the
absorption process and constitutes the most clinically meaningful pharmacoki-
netic concept (Buxton and Benet 2011).

During their passage through the body, drugs have to cross several cell mem-
branes. This process may occur by passive transport (paracellular transport or
diffusion) or by active transport (facilitated diffusion or drug transporters) (Buxton
and Benet 2011). The later involves the active participation of molecular cell
structures (Buxton and Benet 2011). It usually occurs as a movement against a
concentration gradient and is an energy-consuming process (Buxton and Benet
2011).

The treatment of several eye diseases is based on the topical administration of
drugs. They may act at the ocular surface or may need to cross epithelial cells
(cornea, conjunctiva, or both) to reach local action (Attar et al. 2005). Transporters,
particularly of peptide nature, are present in those tissues and regulate the action
of several drugs (Attar et al. 2005). Drug-metabolizing enzymes have also been
characterized in ocular tissues, with drug metabolism induction and inhibition
properties as well as polymorphisms, particularly in cytochrome P450 expressions
(Attar et al. 2005).

However, systemic administered drugs do not reach or have limited diffusion in
the eye, due to the presence of ocular barriers, giving place to the need of directly
inject drugs (intravitreous administration) (Jordan and Ruiz-Moreno 2013).
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3.1.2 Ocular Barriers to the Penetration of Systemically
Administered Drugs

The situation in the blood-ocular barriers is better understood if we consider two
main barrier systems in the eye. One, regulating exchanges between blood and the
intraocular fluids and involving a variety of structures, concerns the primary and
ciliary body and is called the blood-aqueous barrier. Here, inward movements from
the blood into the eye predominate. The aqueous humor is secreted into the poste-
rior chamber by the ciliary processes from where it flows through the pupil into the
anterior chamber and leaves the eye by bulk flow at the chamber angle by the tra-
becular or uveoscleral routes. There are diffusional solute exchanges between the
aqueous humor and the surrounding tissues, the posterior chamber, and the vitreous
compartment (Adler 1962; Bito 1977; Cunha-Vaz and Maurice 1967).

The other barrier, particularly tight, where outward movement from the eye into
the blood appears to predominate and where the penetration into the eye of only a
few important metabolic products in allowed, is called the blood-retinal barrier. It is
responsible for homeostasis of the neuroretina.

3.1.3 Ocular Barriers to the Penetration of Topically
Instilled Drugs

3.1.3.1 The Blood-Aqueous Barrier (BAB)

The blood-aqueous barrier is formed by the nonpigmented epithelium of the ciliary
body, the posterior iris epithelium, the endothelium of the iris vessels with junctions
of the leaky type, and the endothelium of Schlemm’s canal (Chen et al. 2008). The
BAB excludes aqueous and vitreous humors from blood plasma proteins to avoid
compromising the transparency of intraocular fluids and to maintain their osmotic
and chemical equilibrium (Butler et al. 1988). The aqueous, which is the fluid in the
anterior and posterior chambers, is produced by the nonpigmented ciliary epithe-
lium of the ciliary body (Chen et al. 2008). The aqueous humor maintains a normal
homeostatic environment and is essential to the proper functioning of anterior
chamber tissues (Chowdhury et al. 2010). The reason for a different composition of
the aqueous humor comparing to the plasma resides in two physiological character-
istics of the anterior segment: the blood-aqueous barrier and the active transport of
various organic and inorganic substances by the ciliary epithelium. The greatest
differences are the low protein and high ascorbate concentrations in the aqueous
relative to plasma (200 times less and 20 times greater, respectively) (Gabelt and
Kaufman 2011).

The BAB supports the nutrition and function of the cornea and lens (Chen
et al. 2008). Ocular inflammation, intraocular surgery, trauma, or vascular dis-
eases may cause alterations in the BAB (Chen et al. 2008). The aqueous becomes
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cloudy due to leakage of plasma proteins into the posterior and anterior cham-
bers. The presence of fibrinogen and other proteins may turn the aqueous plas-
moid (Hosoya and Tomi 2005). When the breakdown of the BAB occurs,
inflammatory cells may be present in the aqueous. However, for BAB the
expression of drug transporters and metabolizing enzymes has not been charac-
terized; therefore, its role on ocular drug kinetics lacks elucidation (Chen et al.
2008; Urtti 2006).

The BAB is not as able as the BRB in respect to limiting molecular diffusion
(Occhiutto et al. 2012). It was identified that after intravenous injection, substances
such as inulin, chloride, sucrose, phosphate, potassium, sodium, urea, proteins, and
some antibiotics could be found on the anterior side of the vitreous humor resulting
from the ciliary circulation. However, these substances could not reach the retina
directly due to the blood-retinal barrier (Occhiutto et al. 2012).

3.1.3.2 The Blood-Retinal Barrier (BRB)

The BRB is a physiological barrier that regulates ion, protein, and water flux into
and out of the retina and prevents leakage into the retina of macromolecules and
other harmful agents (Cunha-Vaz 1979, 2004). This barrier, which has many sim-
ilarities to the blood-brain barrier, is essential to the integrity of the retina, and
once BRB damage occurs, vision may become impaired (Cunha-Vaz 1997, 1979,
2010).

The BRB consists of inner and outer components (inner BRB [iBRB] and outer
BRB [0BRB]) (Cunha-Vaz 2010). It provides metabolic support to the neural and
glial cells through a unique vascular structure while minimizing interference with
light sensing (Runkle and Antonetti 2011). The oBRB is constituted by the retinal
pigment epithelium and is located at the posterior of the eye, controlling exchange
of nutrients with the choroidal vessels (Runkle and Antonetti 2011). The vascular
and epithelial components of the blood-retinal barrier maintain the specialized envi-
ronment of the neural retina (Runkle and Antonetti 2011).

3.1.3.3 The Inner Blood-Retinal Barrier (iBRB)

The iBRB is established by the tight junctions (zonulae occludentes) between reti-
nal endothelial cells (Cunha-Vaz 2010). The retinal endothelial layer functions as
an epithelium and is directly associated with its differentiation and with the polar-
ization of BRB function (Cunha-Vaz 2010). This continuous endothelial cell layer,
which forms the main structure of the iBRB, rests on a basal lamina that is covered
by the processes of astrocytes and Miiller glia cells (Cunha-Vaz 2010). Pericytes
are also present in the iBRB, encased in the basal lamina, in contact with the endo-
thelial cells, but they do not form a continuous layer and therefore do not contribute
to the diffusional barriers (Jorddn and Ruiz-Moreno 2013). Astrocytes, Miiller
cells, and pericytes are considered to affect maturation and maintenance of the



3 Drug Transport Across Blood-Ocular Barriers and Pharmacokinetics 41

BRB by transmitting regulatory signals to endothelial cells indicating changes in
the microenvironment of the retinal neuronal circuitry (Cunha-Vaz 2010;
Schlosshauer 2007).

The vascular endothelium found in the adult retina and the brain shows similar
structural characteristics, though some differences have been identified, such as a
higher density of interendothelial junctions and the lack of g-glutamyl transpepti-
dase (gGT) in the retinal endothelium (Schlosshauer 2007; Vinores 1995). The
development of the endothelial network and the formation of the iBRB are charac-
terized by a primary construction phase followed by a secondary destruction period
until the adult layout is sculptured (Schlosshauer 2007). Furthermore, the initial
vascular network is leaky. The expression of barrier characteristics appears to be
one of the latest steps during maturation (Schlosshauer 2007).

Retinal Vascular Endothelial Cells

The retinal vascular endothelial capillaries are composed by non-fenestrated cells
which have a paucity of vesicles (Cunha-Vaz 2010). Such vesicles promote receptor-
mediated processes of endocytosis or transcytosis. Other mechanism for diffusion
of substances across the BRB is the channel-facilitated transport using transmem-
brane proteins, such as the glucose transporter GLUT1 which supplies glucose to
the neuronal tissue (Cunha-Vaz 2010). The disruption of the iBRB in pathological
conditions is associated with increased vesicle formation and disrupted endothelial
membranes and may develop before opening of the tight junctions being detected
(Cunha-Vaz 2010).

Retinal Vascular Endothelial Tight Junctions

The main function of the tight junctions, TJs, is the ion, water, and nutrient flow
regulation between the retina and blood vessels, as well as the protection of the
neural retina from inflammatory cells and their toxic products found in the systemic
circulation (Vinores 1995; Gardner et al. 2002; Kaur et al. 2008). Tight junctions
may also serve as regulatory centers that can help to coordinate several cell pro-
cesses, such as the regulation of cell morphology, proliferation, and establishment
and maintenance of apico-basal polarity (Kaur et al. 2008).

The TJs of the retinal vascular endothelium are formed by fusion of the outer
leaflets of adjacent endothelial cell membranes (Fernandes et al. 2012). The TJ
complex contains at least 40 transmembrane proteins and internal adapter proteins
that regulate paracellular flux (Fernandes et al. 2012). Transmembrane proteins
constituting the TJ are occludins, claudins, and junctional adhesion molecules.
Adapter proteins are localized below the membrane and act as TJ organizers and
cytoskeleton anchors (Fernandes et al. 2012). The TJs are regulated by signal trans-
duction through cyclic AMP levels, or tyrosine kinases, for example (Fernandes
et al. 2012).
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Miiller Glia Cells, Astrocytes, and Pericytes

The close spatial relationship between Miiller glia cells and blood vessels in the reti-
nal suggests that these cells have a critical role in the formation and maintenance of
the BRB by regulating the functions of the barrier cells in the uptake of nutrients
and in the disposal of metabolites under normal conditions (Cunha-Vaz 2010).
Muller cells have matrix metaloproteinases that promote proteolytic degradation of
TJ proteins occludins.

Astrocytes in the iBRB play a critical role during normal inner retinal vascular-
ization (Dorrell et al. 2002; Fruttiger et al. 1996; Provis et al. 2000), and degenera-
tion of retinal astrocytes in ischemic tissues is associated with failure of the
blood-retinal barrier in oxygen-induced retinopathies (Chan-Ling and Stone 1992;
Dorrell et al. 2010). These cells are originated from the optic nerve and migrate to
the retinal nerve fiber layer during retinal vascular development, to closely associate
with the retinal vessels helping to maintain their integrity (Cunha-Vaz 2010).
Astrocytes enhance the expression of the TJ protein Z0.1 which has a role in moder-
ate TJ integrity (Cunha-Vaz 2010).

Pericytes support endothelial cells by secreting angiopoietin 1, which induces
the protein expression of occlud and other proteins integrating TJ. These cells help
in the regulation of vascular tone, secretion of extracellular materials and in the
process of phagocytosis (Cunha-Vaz 2010).

3.1.3.4 The Outer Blood-Retinal Barrier (0BRB)

The outer blood-retinal barrier is formed by a single layer of retinal pigment epithe-
lial (RPE) cells that are interconnected in their apical side by TJs (zona occludens)
(Fernandes et al. 2012). The permeable Bruch’s membrane separates the RPE from
the overlying fenestrated choriocapillaris (Fernandes et al. 2012). The RPE is fun-
damental to regulate the access of nutrients from the blood to the photoreceptors
and in the elimination of waste products and maintenance of retinal adhesion
(Cunha-Vaz 2010). Besides these features that serve the (outer) retina in general, the
metabolic relationship between the RPE villi and the photoreceptors is considered
critical for the maintenance of visual function.

RPE Cells

RPE cells regulate water content and lactic acid removal generated by the character-
istic high metabolic rates in the retina (Jorddn and Ruiz-Moreno 2013). The adhe-
sion of the retina to the RPE is based on the interphotoreceptor matrix, which is
synthesized by the RPE (Steinberg and Wood 1979). The viscosity and bonding
properties of the matrix are dependent on its hydration and ionic composition, both
of which are controlled by vectorial flux of water and selected ions. The net effect
of several RPE pump systems is a movement of water across the RPE in the
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apical-to-basal, i.e., retina-choroid, direction (Zauberman 1979). The water trans-
port is linked with ion transport, organic anion transport, and other drainage mecha-
nisms (Cunha-Vaz 2010).

The RPE is further involved in photoreceptor outer segment renewal (Fernandes
2012). RPE cells also transport glucose and retinol from blood to the photoreceptors
(Cunha-Vaz 2010).

RPE Tight Junctions

The TJs of the RPE cells are anchored to the actin cytoskeleton of RPE cells,
interact with signaling molecules, and are important for the establishment of cell
polarity (Cunha-Vaz 2010). These junctions restrict the paracellular movement of
larger molecules between neighboring RPE cells (Cunha-Vaz 2010). As the reti-
nal vascular endothelium TJs, occludins, claudins, and adapter proteins have been
detected in the RPE TJs (Cunha-Vaz 2010). The TJ complexes of the iBRB and
oBRB allow the establishment of the polarities of the BRB, restricting paracel-
lular diffusion of blood-barrier compounds in the neuronal tissues (Cunha-Vaz
2010).

3.1.3.5 BRB and Ocular Immune Privilege

The immune response has developed and evolved to protect the organism from
invasion and damage by a wide range of pathogens. With time, the immune system
has developed destructive responses that are specific for pathogens as well as tis-
sues. However, such tissue injury may have a devastating effect on the function of
an organ such as the eye, which needs to maintain optical stability (Cunha-Vaz
2009).

The existence of ocular immune privilege is dependent on multiple factors such
as immunomodulatory factors and ligands, regulation of the complement system
within the eye, tolerance-promoting antigen-presenting cells (APCs), unconven-
tional drainage pathways, and, with particular relevance, the existence of the blood-
ocular barriers (Cunha-Vaz 2009).

The blood-ocular barriers provide a relative sequestration of the anterior cham-
ber, vitreous humor, and neurosensory retina from the immune system and create
the necessary environment for the existence of ocular immune privilege (Fernandes
2012). The evolution of immune privilege as a protective mechanism for preserv-
ing the function of vital and delicate organs such as the eye has resulted in a com-
plex system with multiple regulatory safeguards for the control of both innate and
adaptive immunity (Cunha-Vaz 2009). The consequences of inadvertent bystander
tissue destruction by antigen-nonspecific inflammation can be so catastrophic to
the organ or host that a finely tuned regulatory system is needed to ensure the integ-
rity of the ocular tissues and maintain optical relationships (Fernandes 2012;
Cunha-Vaz 2009).
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There are also several lines of evidence that point to immunosuppressive func-
tions in BRB cells, RPE cells, and retinal endothelial cells. These immunosuppressive
effects are apparently due to the secretion of a variety of soluble factors, such as
cytokines and growth factors (Cunha-Vaz 2009).

3.1.3.6 Regulation of the Microenvironment of the Retina: BRB
Transport Systems

The presence of TJ in the BRB prevents free diffusion of polar nutrients essential
for the metabolism of the retina, and therefore, the BRB must contain specific trans-
port proteins that are expressed at the plasma membranes of the retinal epithelial
and endothelial cells. Epithelial (0BRB) and endothelial (iBRB) cells exhibit a
polarized expression of transport carriers in the apical/luminal and basolateral/ablu-
minal plasma membranes (Fernandes 2012). The orientation of these carriers results
in preferential blood-to-retina influx or retina-to-blood efflux transport of substrates
or in facilitated transport in either direction depending on the concentration gradient
of the solutes across the BRB (Fernandes 2012).

Potential routes for facilitated transport across the BRB are the blood-to-retina
influx transport system that acts as an energy supply system for the retina, since the
iBRB supplies metabolic substrates from the circulating blood, such as glucose,
amino acids, vitamins, and nucleosides, to the retina (Fernandes 2012). The other is
the retina-to-blood efflux transport system that acts to get rid of hydrophobic xeno-
biotics and neurotransmitter metabolites (Fernandes 2012).

3.1.3.7 Energy Transport System

The blood-to-retina influx transporters operating at the iBRB supply hydrophilic
substrates to the retina. The retina, one of the most metabolically active tissues in the
body, uses glucose as its main energy source. Being a hydrophilic molecule, glucose
does not freely cross the barrier and its transport from blood into retina is mediated
by facilitative glucose transporters, named GLUT1 (Takata et al. 1992; Fernandes
et al. 2003). The distribution of GLUT1 at the iBRB is asymmetric, being its expres-
sion at the abluminal membrane approximately two- and threefold greater than that
at the luminal membrane in humans and rats, respectively (Takata et al. 1992;
Fernandes et al. 2003). The higher density of GLUT1 on the abluminal membrane of
the retinal endothelial cells suggests that glucose transport is limited at the blood-
luminal rather than the abluminal-interstitial interface. In experimental animal mod-
els of type 1 and type 2 diabetes, as well as in vitro studies where endothelial cells
were exposed to elevated glucose, it has been shown that there is a downregulation
of GLUT1 in retinal endothelial cells (Badr et al. 2000; Fernandes et al. 2004).
Besides glucose, dehydroascorbic acid (DHA), which is an oxidized form of
vitamin C, is rapidly transported across the BRB via GLUT1 and accumulates as
ascorbic acid in the retina. DHA uptake by GLUT1 is competitively inhibited by
D-glucose (Minamizono et al. 2006). DHA transport from the blood to the retina



3 Drug Transport Across Blood-Ocular Barriers and Pharmacokinetics 45

decreases with increasing blood D-glucose concentration under diabetic conditions
due to the inhibition of DHA uptake by GLUT1 at the BRB (Minamizono et al.
2006). This can lead to the increased oxidative stress observed in diabetic retinas.

In addition to D-glucose, L-lactic acid appears to be required as an energy source
in photoreceptors (Poitry-Yamate et al. 1995), and the transport of this solute
between retina and blood seems to be mediated by the monocarboxylate transporter
1 (MCT1). Immunoreactivity for this transporter was found both in luminal and
abluminal membranes of rat endothelial cells (Gerhart et al. 1999). It has been
shown that the uptake of labeled L-lactic acid is inhibited by protonophores, MCT
inhibitors, and a number of other monocarboxylates and monocarboxylic drugs,
such as salicylic and valproic acids (Alm and Tornquist 1985; Hosoya et al. 2001).
These results suggest that these transports are an attractive route for monocarboxyl-
ate drug delivery to the posterior segment of the eye.

Creatine, which plays an essential role in supporting ATP homeostasis in the
retina, is transported by creatine transporter (CRT) (Nakashima et al. 2004). The
storage and administration of phosphate-bound energy is mediated by the conver-
sion of creatine to phosphocreatine. It has been found to be an asymmetrical distri-
bution of CRT at luminal and abluminal membranes of rat retinal endothelial cells
(Nakashima et al. 2004).

In glycolysis, glucose is oxidized to either lactate or pyruvate. Both glycolysis
and the tricarboxylic acid cycle generate energy in the form of ATP. Therefore,
GLUTI1, MCT1, and CRT transporters may act in synergy to maintain energy
homeostasis in the retina.

3.1.3.8 Nucleoside Transport System

Adenosine is an important intracellular signaling molecule that is involved in reti-
nal neurotransmission, blood flow, vascular development, and response to isch-
emia trough cell surface adenosine receptors (Ghiardi et al. 1999; Lutty and
McLeod 2003).

The expression at the mRNA level of several equilibrative nucleoside transport-
ers ENT1, ENT2, CNT1, and CNT2 has been detected in retinal endothelial cells
(Nagase et al. 2006). By regulating the concentration of adenosine available to cell
surface receptors, these transporters influence the retinal physiological processes
mentioned above. ENT2 is also responsible for the uptake of some antiviral and
anticancer nucleoside drugs (Yao et al. 2001; Baldwin et al. 2004). This has led to
the hypothesis that ENT2 at the iBRB could be a potential route for delivering
nucleoside drugs from the circulating blood to the retina.

3.1.3.9 Organic Anion Transport System
In order to maintain a constant milieu in the neural retinal, the BRB also carries out

the efflux transport of harmful substances like neurotransmitter metabolites, toxins,
and xenobiotics (Cunha-Vaz and Maurice 1967).
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Members of the family of organic anion-transporting polypeptides (OATP)
mediate the Na + -independent transport of a wide range of amphipathic organic
compounds, including bile salts, organic dyes, steroid conjugates, thyroid hor-
mones, anionic oligopeptides, numerous drugs, and other xenobiotic sub-
stances (Hagenbuch and Meier 2003). Transporters of the family of OATP
(OATP2 and OATP14) have been identified in the rat inner and outer BRB (Gao
et al. 2002).

3.1.3.10 ABC Transporters

ABC transporters (ATP-binding cassette) are a superfamily of membrane proteins
that play a major role in restricting the bioavailability of many drugs in various tis-
sues by pumping agents (with consumption of ATP) from the lipid bilayer or cyto-
plasm back into the extracellular fluid (Mannermaa et al. 2006). In the ocular tissues,
the ABC transporters of greatest significance for efflux transport are P-glycoprotein
(P-gp), multidrug resistance-associated proteins (MRP), and breast cancer protein
(BCRP) (Mannermaa et al. 2006).

The ABC superfamily is subdivided into seven subfamilies based on similarities
in domain structure, nucleotide-binding folds, and transmembrane domains (Dean
et al. 2001). The general structure of ABC transporters is composed of 12 trans-
membrane regions, split into two halves, each with a nucleotide-binding domain
(NBD) (Altenberg 2004).

P-gp (MDR1) mediates the efflux of a wide range of drugs from the intracellular
to the extracellular space (Fojo et al. 1987). The list of its substrates/inhibitors is
continually growing and includes anticancer agents, antibiotics, antivirals, calcium
channel blockers, and immunosuppressive agents (Altenberg 2004). P-gp has been
shown to be expressed in rat retinal capillaries and cultures of rat retinal endothelial
cells (Greenwood 1992; Shen et al. 2003; Hosoya and Tomi 2005). The P-gp-
mediated drug efflux pump on the apical plasma membrane of the conjunctiva plays
a role in restricting the conjunctival absorption of some lipophilic drugs and
xenobiotics.

BCRP (ABCG2) has only one ABC and six putative transmembrane domains,
being referred to as a half-ABC transporter, most likely functioning as a
homodimer (Krishnamurthy and Schuetz 2006) ABCG2 shows great affinity
not only for drugs but also for phototoxic compounds that can cause light-
induced damage to the retina (Boulton et al. 2001). BCRP was found to be pres-
ent in the luminal membrane of mouse capillary endothelial cells by
immunolabeling and was shown to be expressed in mouse and rat retinas
(Asashima et al. 2006).

These drug efflux pumps at the BRB could act by restricting the distribution of
xenobiotics, including drugs and phototoxins, in the retina. Modulation of such
efflux mechanisms in conjunction with the treatment of ocular tissues in retinal
diseases remains a major challenge.
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3.1.3.11 Relevance of the Blood-Retinal Barrier in the Treatment
of Retinal Diseases

When administered systemically, drugs must pass the BRB in order to reach
therapeutic levels in the retina. Drug entrance into the retina depends on a num-
ber of factors, including the plasma concentration profile of the drug, the vol-
ume of its distribution, plasma protein binding, and the relative permeability of
the BRB (Cunha-Vaz 1979). To obtain therapeutic concentrations within the
retina, new strategies must be considered such as delivery of nanoparticles,
chemical modification of drugs to enhance BRB transport, coupling of drugs to
vectors, etc. (Cunha-Vaz 2010; Fernandes et al. 2012). The BRB must be con-
sidered as a dynamic interface that has the physiological function of specific
and selective membrane transport from blood to retina and active efflux from
retina to blood for many compounds, as well as degradative enzymatic activi-
ties (Cunha-Vaz 2009). Better understanding of the transports systems at the
BRB will be extremely useful for drug design. Efflux pumps must be effec-
tively circumvented to enhance drug absorption across the retina (Cunha-Vaz
2010). Modulating a drug substrate targeting an influx transporter offers great
potential. In this strategy, drugs must be designed such that the modified
compounds become substrates of nutrient transporters, leading to enhanced
absorption across the ocular barriers. In addition, efflux is effectively circum-
vented due to diminished or no affinity of the drug molecule toward efflux
pumps due to structural modification and binding to the influx transporter
(Cunha-Vaz 2010).

Eyedrops are now being developed for the treatment of posterior segment
diseases. However, they are generally considered to be of limited benefit. Newer
prodrug formulations that achieve high concentrations of the drug in the poste-
rior segment may have a role in the future. Meanwhile, periocular injection is
one modality that has offered mixed results (Cunha-Vaz 2010; Fernandes et al.
2012).

Finally, recent years have seen a generalized and surprisingly safe utilization of
intravitreal injections, a form of administration that circumvents the BRB. Steroids
and a variety of anti-vascular endothelial growth factor (anti-VEGF) drugs have
been administered through intravitreal injections to a large number of patients
without significant side effects and demonstrating good acceptance by the patients.
Intravitreal injections can achieve high drug concentrations in the vitreous humor
and retina, preserving BRB integrity and its crucial protective function (Cunha-
Vaz 2010). At present, the major challenge appears to be the need to decrease the
number of intravitreal injections, which, in the case of anti-VEGF treatments, are
given every 6 weeks to maintain efficacy. The search for safe slow-delivery
devices or implantable biomaterials is ongoing, but the invasive approach to reti-
nal disease treatment appears to be an effective way of rapidly reaching therapeu-
tic levels in the retina in the presence of a functioning BRB (Cunha-Vaz 2010;
Fernandes et al. 2012).
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3.1.4 Conclusion

It has been shown to be particularly difficult to reach therapeutic drug concentra-
tions in the retina using traditional routes of administration, other than the excep-
tion of intravitreal injections. Topical treatments generally present favorable
benefit/risk ratios but have been limited to ocular anterior segment pathologies.
The BRB is an obstacle to drug penetration and circulation within the retina, since
transporters expressed by this barrier play a decisive role on drug bioavailability to
this tissue.

3.2 Ocular Pharmacokinetics and Factors Affecting Ocular
Disposition of Drugs

Thirumurthy Velpandian

Drug transfer across the ocular barriers is expected to govern the pharmacokinet-
ics of drugs which in turn affect their dynamic properties. Drug entry into the
ocular structures is conventionally enabled by systemic, intraocular (intracameral
and intravitreal), periocular (sub-tenon and subconjunctival), and topical admin-
istrations. Except direct injection into the ocular compartments such as intravit-
real or intracameral, all other routes for ocular drug administration would be
governed by their systemic pharmacokinetics where they behave as sites for drug
absorption.

Systemic drugs seldom reach effective concentration (above ED50 or MIC 90)
into normal ocular tissues. Therefore, systemic drug routes are not preferred for
most of the ocular diseases. Failure to reach adequate drug level into ocular struc-
tures can be attributed to their therapeutic failure at many instances. Typically, eye
has been reported to have two predominant pathways of drug elimination. After
direct injection some drugs are eliminated from vitreous through retinal pathway
(Posterior) and some of them are reported to be eliminated through anterior path-
way. Hence, ocular disposition of drugs can play an independent role unlike other
places where they are not guarded by blood organ barriers.

3.2.1 Pharmacokinetics of the Topically Applied Drugs

Pre-corneal factors are the key determinants of the absorption of the topically
administered drugs into the eye. Based on the port of entry, pharmacokinetics of the
drugs into anterior and posterior segments of the eye can be classified. If absorption
takes place through the cornea or conjunctiva after topical instillation of drugs such
as eyedrops, the levels reaching aqueous humor are suggestive of the extent of its
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Fig. 3.1 Schematic representation of the fate of topically applied drugs on the eye and their
disposition

penetration. The elimination kinetics of the drug from the aqueous humor is favored
through anterior pathways of elimination including aqueous drainage, absorption
into iris vasculature, re-equilibration with corneal tissues, and reverse draining to
the posterior segment through retinal blood vessels (Fig. 3.1). In most of the cases,
the former route is favored than the later. Effect of coadministered drugs are also
reported to influence ocular absorption of drugs. Topically instilled anesthetic
agents significantly suppressed the rate of tear turnover and thereby increased pre-
corneal drug residence time (Patton and Robinson 1975).

3.2.2 Pre-corneal Factors Affecting Ocular Penetration
of Drugs after Topical Application

In the air-corneal interface, one would see several layers of physiological impor-
tance involved in the maintenance of corneal integrity and transparency very effi-
ciently. The outer most layer is a mono lipid layer floating on the tear film having
hydrophobic lipids toward air and amphiphilic lipids in the lipid-water interface
thereby giving integrity. These lipids are secreted by meibomian glands, which are
embedded in the tarsal plate of the upper and lower eyelids giving protection against
aqueous evaporation. The cornea produces a small proportion of the aqueous layer
as well as mucins in the glycocalyx. The conjunctiva secretes substantial electro-
Iytes and water into the aqueous layer and mucins into the mucous layer. At the
same time, the conjunctiva can also absorb electrolytes, water, and applied drugs
from the tear film thereby modifying their pharmacokinetics. Although five layers
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of the cornea are very distinct, the corneal epithelium, stroma, and endothelium are
the layers that gain pharmacological importance as far as drug penetration is con-
cerned. In these layers, drug transport across the cornea can be modulated by drug
transporters present in the epithelium and endothelium. However, the resistance for
the transport of the drug across these membranes is also affected by the physio-
chemical nature of the molecule. The corneal epithelium is hydrophobic and the
stroma is hydrophilic; thereby both water-soluble and lipid-soluble drugs cannot
penetrate freely. The cornea behaves as a typical biological membrane in which
most of the drugs cross this structure either by intracellular or transcellular diffusion
(Lee and Robinson 1986).

Topically applied eyedrops exceeding the volume of 20 ul would be drained from
the cul-de-sac via nasolacrimal duct or removed externally by blinking. Application
of low volumes of eyedrop would be beneficial for getting better bioavailability.
Volume of solution delivered by commercial eye droppers can be between 25-50 ul
and if the subject is not blinking, eye can hold upto 30 ul if instilled carefully.
However, reflex blinking may increase both solution drainage and overflow from the
conjunctival sac. Decreasing the volume of instillation is expected to improve risk-
to-benefit ratio of the potent compounds known to have systemic toxicity (Lynch
et al. 1987).

Most of the topically applied drugs are the salts of acids or bases like ciprofloxa-
cin HCI, timolol maleate, prednisolone acetate, pilocarpine trinitrate, atropine sul-
fate, bromfenac sodium, etc. Drug molecules in the tear film can be influenced or
get influenced by the tear film pH depending on their concentration and prop-
erty. Therefore, the extent of their ocular bioavailability would depend upon their
ionization constant (pKa) under the given pH of the pre-corneal tear film. The
unionized compounds show higher lipophilicity enabling them to cross the outer
epithelium. Apart from pKa, molecular weight, preservatives, presence of surfac-
tants, vehicle, and osmolarity of the formulation are the other factors that determine
the ocular pharmacokinetics of the drugs. Certain topical drug preservatives like
benzalkonium chloride are reported to increase the ocular bioavailability of the topi-
cally applied drugs by disrupting the corneal membrane.

Most of the topically instilled drugs reach their Cmax in aqueous humor between
15 min to 2 hrs. Based on the frequency of drug administration hourly or 2 hourly,
the levels can substantially be increased to reach pharmacologically accepted con-
centration in the cornea, conjunctiva, and aqueous humor. Pre-corneal drug resi-
dence time is largely dependent upon the bidirectional equilibration of drug levels
reaching in between the cornea and tear film which slowly decrease along with time.
This aspect gains much importance when trying to reach adequate antimicrobial
drug levels after repeated drug instillation in case of corneal or conjunctival bacte-
rial infections. Corneal nerves are very sensitive to non-specific stimulation, pH and
osmolarity, the pre-corneal elimination of drugs which is in equilibrium with tissues
can be accelerated in case if the lacrimal secretion is increased by the stimulation of
sensory nerves of the cornea due to the nature of the drug component or formulation
factors. Composition of topical formulation (drug vehicle) has also been reported to
influence the topical penetration of drugs (Hardberger et al. 1975; McCarthy 1975).
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3.2.3 Compartment Models Used to Predict Ocular Kinetics
of Drugs

Compartment models are mathematical equations used to predict the drug disposi-
tion beyond the tissues/fluids in which the drug concentration is quantified. This
information is required to understand the movement of drugs across various tissues
and organs along with the elimination of drugs from the primary compartment.
Usually for systemic pharmacokinetics, blood would serve as a central compart-
ment from where the drug elimination predominately happens. In eye, anterior
chamber administration of amikacin and chloramphenicol followed one compart-
mental model (Mayers et al. 1991). Following bolus administration of the hydro-
phobic immune-suppressant drug cyclosporine into the anterior chamber, its
clearance from the aqueous humor was predicted by one-compartment model with
the terminal half-life of 30-40 h, where as for the aqueous to tissue distribution into
the cornea, a two-compartment model was employed (Oh et al. 1995).

Typically, when the analysis of drug partition into systemic and ocular tissues
needs to be done, two-compartment model best suited the purpose considering that
the multiple sites of tissue distribution is involved. Two-compartment modeling was
successfully used by several investigators to predict the drug partitioning from tear
film to ocular tissues for their effect as well as systemic absorption causing side
effects. The advantage of timolol with thickening agent (gel) was compared with
simple topical solution of timolol in rabbits. A two-compartment pharmacokinetic
model was used to fit the aqueous humor level for determining the drainage (kd) and
absorption rate constants (ka) in the pre-corneal area as well as the elimination rate
constant (ke) of timolol in the aqueous humor. This study reported that gel has a
longer retention time in eyes to improve ocular bioavailability and lesser systemic
side effects (Chiang et al. 1996). Sasaki and coworkers (2000) predicted concentra-
tions of tilisolol in the aqueous humor after instillation with CMC vehicle from the
tear concentrations. Its ocular and systemic absorption was analyzed by a mathe-
matical model including a diffusion process and a two-compartment model with
first-order absorption, respectively. Similarly, a two-compartment model was suc-
cessfully used for topically instilled gentamicin (Eljarrat-Binstock et al. 2004) and
chlorhexidine gluconate (Xuguang et al. 2006). Presence of drug transporters is
well recognized in the blood-ocular barriers; therefore, systemically administered
drugs partitioning into the humors or tissues are subjected to their susceptibility for
drug influx/efflux mechanisms. Systemically administered P-gp substrate (Rho-
123) was best fitted with a three-compartment model and shifted to a two-compart-
ment model upon its blocker administration in rabbits. This shift has increased
intraocular penetration of compounds across blood-ocular barriers (Senthilkumari
et al. 2008a, b). A three-compartment physiological-based pharmacokinetic (PK)
model with a bidirectional transfer between the cornea and aqueous humor and a
unidirectional transfer between the aqueous humor and iris-ciliary body was used to
describe an antiglaucoma agent 1-ethyl-6-fluoro, 1,2,3,4-tetrahydroquinoline in rab-
bits. Using its ED50 values derived from pressure-lowering activity (pharmacody-



52 J. Cunha-Vaz et al.

Fig. 3.2 Elimination
pathways of intravitreally
injected drugs

Trans-retinal
elimination

Tissue
distribution

namic property), the PK-PD model was derived to explain pharmacodynamics of
iris-ciliary body concentration time data (Pamulapati and Schoenwald 2012).

Intravitreally administered drugs reaching the systemic circulation is of con-
cern for their toxicity (Fig. 3.2). Systemic pharmacokinetics of intravitreally
administered ranibizumab in patients with retinal vein occlusion (RVO) or dia-
betic macular edema (DME) was predicted using one-compartment pharmacoki-
netics model with first-order absorption and elimination rate constants. This
population kinetic study found that there is no difference among conditions like
AMD, RVO, and DME as far as the systemic exposure of VEGF antibody is con-
cerned (Zhang et al. 2014).

Subconjunctival injection of gentamicin was fitted into one compartmental model
(van Rooyen et al. 1991). Antibacterial agents such as ciprofloxacin and fleroxacin
(Miller et al. 1992) were also predicted with single-compartment model after direct
intravitreal administration. A population pharmacokinetic metabolism model was
used to describe the concentrations of ciprofloxacin in serum, aqueous and vitreous
humor by a four-compartment PK linear model after oral administration.

Single-dose administration as eyedrop raises aqueous humor levels within a
period of 30—60 min and mostly the levels fall within 4 h. Being underprivileged
organ, eye lacks first-line immune defense mechanisms in the humors, antimicro-
bial drug levels above the MIC of microbe is required for their activity. Therefore,
during corneal infections, hourly or 2 hourly instillations of antimicrobial agents are
preferred. To estimate the appropriate drug schedule, pharmacokinetic simulations
are helpful. Aqueous humor kinetics of single and multiple doses of topical, non-
preserved voriconazole (VZ) were studied in human eyes comparing hourly versus
2 hourly instillations (Senthilkumari et al. 2010). Single-dose ocular kinetics of 1 %
VZ resulted in a maximum mean aqueous concentration of 3.333+1.61 pg/ml in
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Fig. 3.3 PK simulation from our laboratory showing the predicted concentration of voriconazole
in aqueous humor achieved hourly (A), 2 hourly (5 doses) instillation of voriconazole topical appli-
cation in patients undergoing cataract surgery (o observed, -- predicted) (Senthilkumari et al. 2010)

30 min; multidose kinetic study revealed that hourly and bihourly dosing resulted in
mean aqueous concentrations of 7.47+2.14 pg/ml and 4.69+2.7 pg/ml, respec-
tively (Fig. 3.3).

Serial sampling of the humors of the eye is not a feasible task in human or ani-
mals while conducting ocular pharmacokinetic studies. Therefore, the model of col-
lecting samples at various time points after the administration of drug is followed in
all the studies except few studies indicating the worth of microdialysis for serial
sampling in animals. Many of the ocular drugs were investigated in the literature for
their intraocular penetration, but only few of them were interpreted with the help of
pharmacokinetic models to explain their ocular disposition.

After a single topical instillation of tritiated clonidine HCl solution (0.2 %) at the
volume of 30 ul into rabbit eyes, Chiang and Schoenwald (1986) evaluated cloni-
dine ocular pharmacokinetics. Seven different tissues and plasma were excised and
assayed for drug concentration over 180 min. They have also generated data at
steady state levels of drug in cornea using an infusion assembly. The data were
analysed by fitting them into physiological and a classical diffusion pharmacoki-
netic models. This study reported that the physiological model parameters were fit
to the topical infusion data and showed good agreement between the predicted and
experimental data.

3.2.4 Drug Interaction in Topically Applied Drugs

More than one eyedrops are often required to be administered together at times. In
such conditions, chemical incompatibility has been observed which is causing one
of them to precipitate in the lower fornix. This is a potential cause for the reduction
of pre-corneal drug availability of the topically applied drugs. Ciprofloxacin
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hydrochloride deposition on the lower fornix of the eye due to its pH incompatibil-
ity has been claimed as the advantage of pre-corneal deposits as drug depots “cipro-
floxacin HCl precipitates.” However, redistribution or dissolution of these deposits
back to increase tear film concentrations have not been proved. Ocular pharmacoki-
netics of the topically applied drug also gets altered by coadministered drugs when
they are competing for the same transport mechanism (Nirmal et al. 2013a).
Coadministration of local anesthetics and antimuscarinic agents might increase
ocular bioavailability of the drugs by decreasing tear film secretion. This interaction
so far is attributed to the decrease in tear film secretion; however, other interactions
on the corneal transport mechanism require further studies.

3.2.5 Ocular Drug Levels after Systemic Administration

Ocular pharmacokinetics of 1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU) was
investigated using its levels in vitreous and aqueous humors after its systemic admin-
istration in rabbits. This study compared systemic, topical, and subconjunctival
administrations and suggested that topical application of BCNU is the best and sub-
conjunctival injection the second best route for treating an iris tumor and that intra-
venous injection is the best route for choroidal and retinal tumors (Ueno et al. 1982).

Aqueous humor penetration of amikacin was assessed in the anterior chamber of
the human eyes using radioimmunoassay. This study reported that bactericidal con-
centrations of amikacin were not achieved by topical or intravenous administration.
Subconjunctival injection also did not produce consistent bactericidal concentration
of amikacin in the aqueous humor. This study has also reported that iris pigment
binding as one of the factor responsible for the poor levels reached (Eiferman and
Stagner 1982). Several clinical studies showed that inadequate penetration of anti-
microbial agents into the eye after their systemic administration as a limitation for
ocular infections (Velpandian 2009). Only after multiple doses orally administered
fluoroquinolones like ciprofloxacin reached significant levels in the vitreous above
the MIC for most of the ocular pathogenic organisms (Keren et al. 1991). Inadequate
penetration of different classes of drugs into non-inflammed eyes after systemic
administration has been well documented by many investigations.

3.2.6 Factors Affecting Ocular Penetration of Drugs

Aqueous ophthalmic drug solutions typically exhibit low bioavailability due to vari-
ous loss processes such as drainage, tear turnover, nonproductive absorption, and
protein binding. Suspensions may improve bioavailability, but because of a short
residence time and a low corneal permeability rate constant, the dissolution rate of
the drug and its intrinsic solubility must be considered.

Topically applied hydrophobic compounds like amphotericin B showed unde-
tectable levels of drug after single application; however, after repeated application,
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therapeutic levels reached the cornea in the normal eyes of rabbits. In inflamed eyes
the levels reached high quickly but fell rapidly (O’Day et al. 1986). Corneal inflam-
mation that induced increased drug penetration across the cornea is not well docu-
mented in the literature due to the difficulties encountered in sampling aqueous
humor from patients undergoing ocular surgeries.

3.2.7 Ocular Drug Metabolism

Although the liver is still the major organ involved in the biotransformation of
drugs, drug metabolism in the eye is often pursued as a avenue for the development
of designer drugs. The corneal epithelium is the source of amidases and esterases
which favors the optimization of dosage forms using the concept of prodrugs.
Latanoprost and dipivefrin are the best examples for the prodrugs to get into their
active form after the metabolism in the cornea. In the cornea, the presence of ami-
nopeptidases and other peptidases has also been reported, and their involvements in
the metabolism of drugs are confirmed (Lee et al. 1986). While studying the ocular
pharmacokinetics of topically applied phenylephrine, Antoine et al. (1984) reported
that the corneal epithelium is responsible for the metabolic degradation of phenyl-
ephrine which occurred following its topical instillation. While working with
levobunolol for topical antiglaucoma treatment, Tang-Liu and coworkers (1987)
demonstrated that the major sites of ocular metabolism were the corneal epithelium
and the iris-ciliary body. On passage across the cornea, 4.7 % of topically applied
levobunolol dose was biotransformed to an active metabolite dihydrolevobunolol
and subsequently became bioavailable to intraocular tissues. Another 12 % of the
topical levobunolol dose entered the systemic circulation as metabolite after pre-
systemic biotransformation. Nakamura et al. (2005) examined the expression levels
of the different conjugation enzymes, sulfotransferases, UDP-glucuronosyl trans-
ferases (UGTs), and glutathione S-transferases (GSTs), in ocular tissues. In 5-week-
old animals, the CYP genes, CYP2B2 and CYP3A1, were abundantly expressed in
the lens, with higher CYP1A1 expression detectable in the extra-lenticular tissues,
of both genders. They have also reported that in general, the expression levels of the
CYPs and sulfotransferases declined with age, whereas the levels of the UGTs and
GSTs increased. These results demonstrate that the expression profiles of drug-
metabolizing enymes show both region- and age-specific patterns in rat ocular tis-
sues. Presence of various metabolizing enzymes and their physiological function
has been targeted for ocular drug delivery (Duvvuri et al. 2004).

3.2.8 Elimination Pathways of the Drugs

A major pathway for systemic absorption of topically applied drug has been reported
to be through the walls of the gastrointestinal tract (Anderson 1980). Schmitt et al.
(1980) evaluated the penetration of radiolabeled timolol into the rabbit eye after
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topical instillation and after intravenous injection in animals. This study reported
that the levels of radioactivity were considerably greater in ocular tissues after
instillation as compared with intravenous injection, whereas in extraocular tissues,
the levels were similar after both routes of administration. This study has also
reported that in ocular instillation, only unchanged timolol was present in the aque-
ous humor, whereas both timolol and metabolites were present in the serum. After
intravenous administration, timolol was rapidly metabolized and metabolites
appeared in the serum and aqueous humor. Pharmacokinetic studies conducted after
the intravitreal injection of drugs revealed that two predominating pathways are
involved in the clearance of drugs. Most of the drugs are cleared through posterior
elimination pathway through retinal blood vessels Drugs like aminoglycoside anti-
biotics follow anterior pathway through aqueous humor and iris (Barza et al. 1983;
Gupta et al. 2000; Nirmal et al. 2012).

3.2.9 Functional Importance of Blood-Ocular Barriers
Affecting Pharmacokinetics

Drug penetration across blood-ocular barriers is now well recognized; therefore,
beyond pharmaceutical parameters, their susceptibility for various transporters is
expected to govern their pharmacokinetics. Probenecid (Benemid) was the agent
first explored to elevate serum penicillin concentrations (Burnell and Kirby 1951).
The interest to evaluate the impact on the concentration of penicillin derivatives in
ocular fluids (Barza et al. 1973; Salminen 1978). However, these studies showed
that administration of probenecid had an enhancing effect on ocular cloxacillin con-
centration allowing improved drug diffusion into the eye by means of an elevated
plasma concentration and had no specific ocular effect. In the subsequent studies
after the intravitreal administration of carbenicillin, concomitant intraperitoneal
dosing of probenecid prolonged the vitreal half-life of carbenicillin and showed that
beta-lactam antibiotics are eliminated via the retinal route. Ever since, observations
and curiosities among the researchers led to better fundamental understanding
regarding the involvement of drug transporters in blood-ocular barriers. Using reti-
nal capillary endothelial cell lines presence and function of various transporters
were explored (Hosoya and Tomi 2005; Mannermaa et al. 2006). Subsequently,
functional importance of such transporters for the penetration of xenobiotics
reported in animals (Senthilkumari et al. 2009; Nirmal et al 2012; Gunda et al. 2006)
Although, the presence of transporter proteins in the blood-ocular barriers has
been well documented, their extent and role affecting pharmacological action have
come to light after the systematic explorations in the last decade. In these controlled
experiments, probes were used as a substrate and their pharmacokinetic modulation
was assessed after blocking the functions of transporters with respective agents.
Functional role of P-gp and ocular tissue distribution of intravitreally injected
rhodamine 123 (Rho-123) was evaluated in the presence of P-gp-specific blocker
(GF 120918) in normal as well as rifampicin-fed rabbits using microdialysis and
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direct sampling technique. This study revealed that intravenously injected blocker
significantly altered the ocular disposition of intravitreally injected P-gp substrate.
Rifampicin pretreatment did not upregulate P-gp transporters of the retina to the
extent to affect the intravitreal kinetics of Rho-123 significantly (Senthilkumari et al.
2008a). The impact of P-glycoprotein (P-gp) blockade on the intravenous (i.v.) phar-
macokinetics of Rho-123 and the subsequent effect on its disposition in ocular and
non-ocular tissues were studied using rabbits. This study concluded that increasing
the ocular concentration of systemically given drugs may not be possible with the
degree of P-gp blockade achieved when using GF120918 (P-gp blocker) at the stud-
ied concentration after intravenous administration (Senthilkumari et al. 2008b). The
effect of P-glycoprotein modulation at blood-ocular barriers using gamma scintigra-
phy in rabbits is shown in Fig. 3.4. This confirmed the involvement of P-glycoprotein
in the intraocular disposition of susceptible drugs (Senthilkumari et al. 2009).

Although aminoglycoside antibiotics were reported to be cleared through the
anterior route (Barza et al. 1983), while studying OCT transporters, Nirmal et al.
(2013b) concluded that the clearance of organic cation transporter (OCT) substrates
favors the anterior elimination pathway. The functional importance of (OCT) on the
ocular disposition of intravitreally injected substrate tetraethyl ammonium (TEA)
was assessed in rabbits (Nirmal et al. 2013b); this study concluded that intravit-
really injected OCT substrates may follow an anterior elimination pathway and pro-
longed residence time in the vitreous humor. This study showed that OCT may not
be active from vitreous to blood route in the blood-retinal barrier.

The potential pharmacokinetic role of organic cation transporters in modulating
the trans-corneal penetration of its substrates administered topically has been
studied in rabbits. This study concluded that OCT is functionally active in the cor-
nea causing uptake of their substrates from tear to the aqueous humor. When admin-
istering their substrates/blockers topically, both may be competing for OCT for their
uptake across the cornea, thereby decreasing the corneal penetration. Hence, OCT
can have a potential pharmacokinetic role in modulating the ocular bioavailability
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of their substrates which are used topically for ocular therapeutics (Nirmal et al.
2013Db). The role of organic cation transporters was studied in the ocular disposition
of its intravenously injected substrate in rabbits by quantifying the levels of its sub-
strate in the presence and absence of blockers. This study revealed that in most of
the tissues, OCTs are functionally present from apical to basolateral. The gene
expression studies also showed the presence of OCT1, OCTN1, and OCTN?2 in vari-
ous ocular tissues studied. This study suggested that OCTs are functionally active in
blood-ocular barriers and involved in the transport of its substrate from blood to
vitreous humor (Nirmal et al. 2013a). Moreover, this study also revealed the pre-
corneal availability of OCT substrate through lacrimal secretion indicating the pos-
sibility of utilizing them for the delivery of drug to the tear film through systemic
route (Nirmal et al. 2010). Apart from OCT, OAT, and P-gp transporters, PEPT
transporters have been used for the delivery of stable dipeptide prodrugs for
improved absorption of acyclovir (Talluri et al. 2008).

Most of the drugs used in ophthalmic therapeutics are developed for systemic
diseases, which are subsequently included for ocular use after toxicity studies.
Developing any drug with the understanding of the constraints of the eye was not a
popular strategy followed. Much of the emphasis was made on pharmaceutical solu-
tions rather than relevant molecular parameters. The cornea is a live tissue that
behaves much beyond simple biomatrix; therefore, in vitro studies may not be hav-
ing much relevance in the in vivo scenario. To enable in silico screening of drugs,
techniques like cassette dosing are being developed to assess the possibility of
enhanced topical penetration with less number of animals (Sharma et al. 2011).
Along with the increasing knowledge about the barrier functions, it is clear that the
in-depth knowledge of the molecular properties like drug transport susceptibility,
and interaction of drugs with their physiological/pathological targets are expected
to govern ocular pharmacokinetics and toxicity of drugs in the future.

3.3 Conclusion

In the current state of knowledge, it is evident that developing ocular specific drug
to meet the target site concentration with reduced systemic exposure is a possible
reality. Screening drugs with better ocular pharmacokinetics for their projected use
in ophthalmic therapeutics is the rationalized approach for ocular drug
development.
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Chapter 4
Pharmacogenomics of Drugs in Ocular
Therapeutics

Thirumurthy Velpandian and Govindasamy Kumaramanickavel

Abstract As genetic polymorphism is the key determinant for the expected thera-
peutic outcome, pharmacogenomics can be considered as one of the rationalized
approaches in personalized medicine. Genetic variation in drug response can be
attributed to the drug effector targets (Pharmacodynamics) or in the way of drug
being handled by the body (Pharmacokinetics). Application of pharmacogenomics
to ocular drug therapy cannot be isolated without considering the variation in the
ocular kinetics of the drug in the therapeutic outcome. This chapter critically ana-
lyzes the growing importance and relevance of genetic polymorphism which can be
attributed to the therapeutic efficacy due to altered pharmacological targets includ-
ing the receptors of autonomic system, prostaglandins, carbonic anhydrase, vascu-
lar endothelial growth factor, complement Factor H and corticosteroids in the
treatment of ocular disease.

4.1 Introduction

Genetic polymorphism deciding the fate of drugs for their expected therapeutic
outcome is considered as one of the rationalized approaches gaining importance in
personalized medicine. Understanding genetic diversity among species (both inter
and intra) is the first step toward the adaptation of customized therapeutic options.
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Factors affecting drug response during the treatment are very complicated to
comprehend due to the intricacy of the individual causes. However, one among that
cause is attributed to genetic factors. Drugs having high therapeutic index and not
acting through specific molecular mechanisms are not suitable for the assessment
using pharmacogenomics. Agents having lower therapeutic index, capable of
causing intolerable toxicity, exaggerated pharmacological response-related adverse
effects and acting through specific molecular pathways are the suitable candidates
for pharmacogenomics.

4.2 Pharmacogenomics and Genetics

Pharmacogenomics is a branch of pharmacology concerned with the effect of
genetic factors on reactions to drugs, whereas pharmacogenetics is the study of
the role of inherited acquired variation in drug response (Weinshilboum and
Wang 2006). However, at places in the literature, both pharmacogenetics and
genomics are interchangeably used indicating the higher degree of overlapping
boundaries of the two domains. The term pharmacogenetics has conventionally
been used for years to explain the adverse effects arising by differential metabo-
lism of drugs in selected population. The lack of either reduced or exaggerated
action of drug or adverse effect can only be explained by the genetic
polymorphism.

4.2.1 Fundamental Understanding of Pharmacogenomics

Therapeutic index for any drug is the ratio observed between the concentration of
the drug required to produce 50 % of death (LLD50) to the concentration of the drug
causing 50 % of protective response (ED50) through a particular activity in a pop-
ulation of rats or mice. These animals are highly inbreed strains, closely related
genetically. Despite being closely related, the differential drug responses for the
death of 50 % of animals at a particular dose signify the fine levels of genetic varia-
tion among the animals responsible for making them as outliers against the specific
activity. When it comes to population studies in large multicentric clinical trials,
the degree of genetic variation in drug response is countered with placebo controls.
However, when the drug is given to the patient suffering from a disease, the
expected drug response for life-/function-saving attempts could be hampered due
to the changes in genetic vulnerability. The differential responses in drug suscep-
tibility due to genetic variation are further complicated when it comes to ophthal-
mic drugs. The presence of well-recognized barriers in the blood ocular interface
causing lower levels of drugs in ocular tissues is one of the fundamental problems
restricting the ocular availability of drugs for their pharmacological action
(Velpandian 2009).
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4.3 Genetic Variation in Drug Response: Positioning It
for Ocular Therapy

Genetic polymorphism leading to discrepant drug responses for systemic diseases is
explained by altered pharmacodynamics or pharmacokinetics. Pharmacodynamic
changes are due to the genetic polymorphism causing altered targets for the binding
site and altered expression of intracellular pathway involved in the working mecha-
nism of the drug. Pharmacokinetic changes arise from the genetically altered path-
ways of drug absorption, efflux transport systems, distribution, metabolism, and
excretion pathways. In case of ocular-specific drugs, systemic route is not a well-
accepted strategy for achieving therapeutic concentration in ocular tissues due to the
failures observed while rationalizing the attempts (Velpandian 2009). Intricacies
involved in ocular structure, associated fluid dynamics, optical signal processing
pathways, and genetic variations affecting the ultimate ocular functions in homeo-
stasis as well as in pathology have been well established. Therefore, discussing
pharmacogenomics for ocular diseases is highly limited by the type of diseases and
therapeutic options available. The available distinct ocular drug administration
pathways include topical administration of drugs as eye drops, intravitreal injec-
tions subconjunctival, sub-tenon, and retrobulbar injections. The therapeutic inter-
ventions available for the ocular diseases are quite restricted mostly to surgical
approaches. Drug therapy for glaucoma and neovascular complications are the areas
where the available major therapeutic options can be subjected for pharmacoge-
nomic studies. Interestingly, the mechanism of action of drugs approved for the
management of glaucoma shows variation which can be attributed to inter individ-
ual variability in drug response.

4.3.1 Ocular Pharmacokinetic Factors: Determinants
of Dynamics

Pre-corneal factors are the major determinants of the outcome of drugs applied
topically. After the topical administration, drugs classically take trans-corneal
penetration to reach pharmacologically meaningful levels in the aqueous humor.
Alternatively, trans-conjunctival pathway is also being taken by the drug mole-
cules to reach ciliary epithelium. Presence of zona occludens in between the
corneal epithelial cells makes paracellular transport of drugs through the cornea
difficult. The major absorption pathway still relays on transcellular corneal
route controlled by resistance from hydrophobic epithelium and hydrophilic
stroma. Formulation factors such as viscosity, osmolarity, pH, and drop size are
also the major extrinsic factors affecting aqueous bioavailability of drugs. Apart
from this, corneal sensitivity for drugs, presence of preservatives, and levels of
basal tear secretion further alter the ocular bioavailability of drugs (Lee and
Robinson 1986).
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Genetic polymorphism altering pharmacokinetic parameters such as absorption,
metabolism, distribution, and elimination ultimately restricts the bioavailability of
the drugs. However, the contribution of genetic polymorphism involved in the
altered absorption of topically administered drugs has not been studied. Similarly,
variations due to the retinal elimination of drugs are not assessed owing to the dif-
ficulties involved in their functional assessment. In addition there is lack of informa-
tion on the tear concentration reached by drugs through lacrimal system after drug
administration through systemic route.

4.4 Genetic Variation in the Drug Response
for Antiglaucoma Agents

Glaucoma is classified as open-angle glaucoma and closed-angle glaucoma with
respect to the status of the anterior chamber angle. It is further divided into primary
and secondary subtypes. Primary open-angle glaucoma (POAG) is the most com-
mon subset, representing over 70 % of all the cases of glaucoma, and is character-
ized by an open anterior chamber angle, elevated IOP, and glaucomatous optic nerve
changes. In this main type of glaucoma (POAG), more than 20 associated genetic
loci have been reported. Yet only three causative genes have been identified in these
loci, viz., myocilin (MYOC), optineurin (OPTN), and WD repeat domain 36
(WDR36). Concurrently mutations in these genes account for only a small percent-
age of the patients with POAG. It has been recognized that some of the glaucoma
cases have a Mendelian inheritance pattern, and a considerable fraction of the cases
result from a large number of variants in several genes each contributing toward
cumulative effects (Fuse 2010). Genome-wide association studies (GWAS) have
found about 27 genes related to POAG, but the pathological effects of these genes
need to be investigated in more detail.

4.4.1 Drugs Acting Through Autonomic Functions

Pilocarpine, timolol, and brimonidine are the representative antiglaucoma agents
known to act through sympathetic division of autonomic nervous system to reduce
intraocular pressure. Sympathetic system-mediated transmission of neuronal
impulses and its subsequent physiological actions are mediated chiefly through nor-
epinephrine, epinephrine, and its associated receptors. Adrenoceptors are expressed
by most cell types of the human body and are primary targets of the catecholamines,
epinephrine, and norepinephrine (Ahles and Engelhardt 2014). As per the human
genome studies, nine types of adrenoceptor genes are grouped into three broad fam-
ilies, namely, a1-, a2-, and p-adrenoceptors. Presence of a2- and p2-receptors in the
ciliary process and epithelium of the eye and their role in the autoregulation of aque-
ous humor production have been well documented (Lapalus and Elena 1988).
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Although at different body parts the gland secretion is under the control of
cholinergic system, in ciliary process, it is under the influence of adrenergic system.
In the perfusion model Kodama et al. (1985) reported that the beta blocker (timilol)
at the minimal concentration of 0.05 microgram/ml was able to suppress aqueous
humour production in enucleated rabbit eye up to 30 %, whereas cholinergic agent
pilocarpine was ineffective.

Brimonidine is an a2-receptor agonist, while timolol is a f2-receptor antagonist.
Predominately beta-blockers such as timolol, levobunolol, and carteolol are being
used for the reduction of the formation of aqueous humor from the ciliary epithe-
lium in glaucoma. Genetic polymorphism in the adrenergic receptors has been
reported to change the affinity of ligand on its receptor (Green et al. 1993) and their
metabolism (Arcavi and Benowitz 1993). Therefore, any genetic variation in the
signal transduction pathway of the muscarinic and adrenergic receptors and drug
transport across the cornea can have a profound impact on the activity of these
agents in reducing intraocular pressure.

The beta-adrenergic receptors (ADRBs) are cell surface receptors that play
central role in the sympathetic nervous system. Pharmacological targeting of two of
these receptors, ADRB1 and ADRB2, represents a widely used therapeutic
approach for common and important diseases including asthma, hypertension, and
heart failure. Genetic variation in both ADRB1 and ADRB2 has been linked to both
in-vitro and clinical disease phenotypes (Taylor 2007). As the ciliary and iris mus-
cles are under the autonomic control, the intraocular pressure maintenance is exten-
sively been modulated by autonomic control (Lanigan et al. 1989) in which the
production of aqueous humor is under the control of adrenergic receptors ADRBI1
and ADRB?2 and its autoregulation is through alpha-2 adrenoceptors. The ADRBI,
ADRB?2, and ADRB3 adrenergic receptors are highly expressed in the eye, whereas
ADRBI1 and ADRB2 were specifically identified in the ciliary body, trabecular
meshwork, and optic nerve head. Subjects with coding single nucleotide polymor-
phism rs1042714 in the ADRB2 gene (CC genotype) were significantly more likely
to experience an IOP decrease of 20 % or more. This study also reported that the
coding single nucleotide polymorphism in ADRB2 is associated with an increased
likelihood of a clinically meaningful IOP response to topical beta-blockers
(McCarty et al. 2008).

4.4.2 Pilocarpine in Reducing IOP

Pilocarpine apart from being used as antiglaucoma medications in ophthalmic prep-
arations is also being used in oral preparations for the treatment of radiation-induced
xerostomia and Sjogren syndrome. The major metabolic pathways of pilocarpine in
human are hydrolysis and hydroxylation. The effect of PON1 polymorphism
(Q192R) on pilocarpine hydrolase activity was analyzed using recombinant PON1
192Q and 192R and human plasma of volunteers. This result of this study showed
that recombinant PON1 192R had higher catalytic efficiency than PON1 192Q. In
human plasma, the activity of the R/R genotype was significantly higher than those
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of the Q/R and Q/Q genotypes. These result thus documented the polymorphism
affecting pilocarpine hydrolase activity (Hioki et al. 2011).

Pilocarpine is also metabolized into pilocarpic acid by plasma esterase and to
3-hydroxypilocarpine by CYP2A6. Studies of genotyping analysis in Japanese
patients (Endo et al. 2008) revealed that the poor metabolizers had two inactive
CYP2AG6 alleles, CYP2A6*4A, CYP2A6*7, CYP2A6*9, or CYP2A6*10. The
apparent pilocarpine clearance was significantly lower in the poor metabolizers than
in the comparatively nonpoor metabolizers.

4.4.3 Timolol in Reducing IOP and Causing Bradycardia

Several studies indicate altered beta-blocker metabolism-related pharmacokinetic
profile to be responsible for its dynamic property. Thus, poor metabolizers of beta-
blockers are expected to have a longer duration of activity when it is administered
orally (Lennard et al. 1986). As topical timolol is the mainstay of glaucoma treat-
ment, the impact of polymorphism affecting topically administered beta-blockers
cannot be attributed to the liver metabolism. Fuchsjager-Mayrl et al. (2005) evalu-
ated the functional importance of beta-2 adrenoceptor antagonist in reducing IOP
among nonsmoking volunteers homozygous for the wild beta-2 adrenoceptor
(Argl6/GIn27 (n=24)) and other two polymorphisms (Gly16/GIn27 (n=47) or
Gly16/Glu27 (n=18). This study concluded that the ocular hypotensive effect of
timolol ranged between 40-45% in all groups and was not significantly different
between the three study groups (p=0.979). The results of this study concluded that
polymorphism in beta-2 adrenoceptor metabolism does not influence the ocular
hypotensive effects of topical beta adrenoceptor antagonists. However, the CYP2D6
poor metabolizers may be more prone to systemic adverse events than extensive
metabolizers in case of topical timolol administration (Nieminen et al. 2005).

In POAG patients, CYP2D6 SNP Arg296Cys appeared to be correlative with the
intersubject variability seen with timolol. Subjects with CC genotype tended to
avoid timolol-induced bradycardia, and subjects with TT genotype tended to have
poorer timolol-induced ocular hypotensive effects (Yang et al. 2009). Concurrently
Yuan et al. (2010) reported that CYP2D6 SNP rs16947 may confer susceptibility to
timolol-induced bradycardia. Patients with CC genotype were unlikely to suffer
from timolol-induced bradycardia, whereas those with TT genotype were found to
suffer from timolol-induced bradycardia.

4.4.4 Polymorphism in the Pressure Lower Effect
of Prostaglandins

Currently, PGF2 alpha analogs are the groups of successful agents widely used
in IOP control in glaucoma patients. Moreover, prostanoid FPA receptors exist
in human trabecular meshwork, and any polymorphism in F(2a) is also expected
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to vary the pharmacodynamics of PG F(2a) analogs in glaucoma therapy.
Sakurai et al. (2007) showed that rs3753380 and rs3766355, SNPs in the pro-
moter, and intron 1 regions of the FP receptor gene correlate with response to
short-term latanoprost treatment in normal volunteers. The genotype of these
SNPs may be an important determinant of variability in response to
latanoprost.

Organic anion transporter polypeptides (OATPs) which are responsible for topi-
cal penetration of prostaglandins into ocular tissues are also expected to play a role
in establishing interindividual difference in drug concentrations and effects.
Genetic polymorphism involved in the pharmacodynamics of prostaglandin ana-
logs was evaluated in patients by analyzing the association between variants in the
prostaglandin F(a) receptor (PTGFR), solute carrier organic anion transporter fam-
ily 2A1 (SLCO2A1) genes, and intraocular pressure (IOP) in response to
prostaglandin analogs. DNA samples were genotyped for the following SNPs:
rs3753380 (promoter region) and rs3766355 (intronic region) of the prostaglandin
F(2a) receptor gene and rs34550074 (Ala396Thr) of SLCO2A1 and correlated
with mean change in IOP. This study interestingly revealed no indication for an
association between SNPs in the prostaglandin F(2a) receptor gene or SLCO2A1
and IOP in response to prostaglandin analogs in a population of European descent
(McCarty et al. 2012).

4.4.5 Polymorphism in Carbonic Anhydrase Causing Variation
in Decreasing 10P

Change in taste of carbonated beverages is a common observation in the patients
under the treatment with carbonic anhydrase inhibitors such as acetazolamide.
Carbonic anhydrase (CA) activity plays an important role in controlling aqueous
humor production in the eye and in regulating intraocular pressure. So far 14 iso-
forms of CA have been identified, of which CA II, CA TV, CA XII, and possibly CA
XIV are expressed by the kidney (Schwartz 2002). Carbonic anhydrase enzymes
(CAs, EC 4.2.1.1) are zinc-containing metalloproteins, which efficiently catalyze
the reversible conversion of carbon dioxide to bicarbonate and release proton. These
enzymes are essentially important for biological system and play several important
physiological and pathophysiological functions (Imtaiyaz Hassan et al. 2013). CA
inhibitors are widely used as a drug for the treatment of neurological disorders,
antiglaucoma, anticancer and antiobesity agents. Interestingly, the interindividual
variation in the response to acetazolamide has only been recently recognized in oral
hygiene. Carbonic anhydrase VI (CA6) is a secreted enzyme that catalyzes the
hydration of carbon hydroxide in saliva and other body fluids. CA6 has been impli-
cated in taste, gastrointestinal dysfunctions, tooth erosion, and caries. Peres et al.
(2010) analyzed the allele and genotype distribution of three polymorphisms in the
coding sequences of (CA6) gene and checked for possible associations with salivary
buffer and other related parameters in 245 children of 7-9 years. This study revealed
that there was a positive association between buffer capacity and the rs2274327
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(C/T) polymorphism. The allele T and genotype TT were significantly less frequent
in individuals with the highest buffer capacity.

Oral acetazolamide is the standard care of treatment envisaged for the quick
reduction in IOP in ocular emergencies. Apart from soluble isozymes CA II and CA
I, histochemical studies confirmed the presence of a distinct membrane-associated
carbonic anhydrase isoenzyme IV in the human eye (Hageman et al. 1991;
Ridderstrale et al. 1994). Although CA-IV polymorphism has been documented
well in the literature, studies about the change in IOP after systemic and topical
administration of carbonic anhydrase inhibitors have not been conducted.

4.5 Role of Polymorphism in Response to Antiangiogenic
Agents

Although the pathophysiology behind choroidal neovascularization observed in
age-related macular degeneration has not been completely elucidated, the pre-
dominating factors responsible for the angiogenesis have been determined. The
therapeutic modalities have also been developed based on the concept of neutral-
izing factors directly involved in angiogenesis or neovascularization. In this
approach humanized monoclonal anti-VEGF antibodies (bevacizumab, ranibi-
zumab), aptamers (pegaptanib), and soluble VEGF receptors (VEGF traps) are
the popular approaches to control the neovascularization and macular edema.
These agents also had a prominent role in pathological retinal neovascularization
and macular edema arising due to diabetic complications. Intravitreal triamcino-
lone acetonide, a mineralocorticoid with antiangiogenic property, and photody-
namic therapy are the other strategies followed for controlling neovascular
complications.

4.5.1 Role of Various Factors Involved in AMD

Drusen is the pathological deposit found between the retinal pigmented epithe-
lium (RPE) and Bruch’s membrane. Drusen deposition has been recognized as
a significant risk factor in the development of AMD. Altered clearance of dru-
sen driven by changes in complement factor H has been reported to initiate the
inflammatory response in AMD. These inflammatory reactions trigger upregu-
lation of angiogenic factors and ultimately cause choroidal neovascularization.
Treatment in AMD involves anti-VEGF agents mainly acting on the angiogen-
esis pathways. Polymorphism in CFH has been shown to predispose individual
to AMD, while VEGF polymorphism has been shown to affect the outcome of
pharmacological interventions. Hence, a knowledge on the genetics of these
two key molecules would help in understanding and improvising AMD
treatments.
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4.5.2 Vascular Endothelial Growth Factor and Its
Polymorphism

Vascular endothelial growth factor (VEGF) is the key regulator of physiological
angiogenesis during embryogenesis, skeletal growth, and reproductive functions.
VEGF has also been implicated in pathological angiogenesis associated with tumors
and intraocular neovascular disorders. The VEGF gene is located on chromosome 6
at location 6p21.1. Its coding region spans approximately 14 Kb and consists of eight
exons (Brogan et al. 1999; Tischer et al. 1991). VEGF belongs to a gene family that
includesplacental growthfactor (PLGF), VEGFB, VEGFC, and VEGFD. Parapoxvirus
genes have also been identified with homologs of VEGF and shown to have VEGF-
like activities (Ferrara and Davis-Smyth 1997; Neufeld et al. 1999). Major role of
VEGF-A is the formation of blood vessels during development or in pathological
conditions, whereas VEGF-B plays a less pronounced role in the vascular system.
VEGF-B seems to play a role only in the maintenance of newly formed blood vessels
during pathological conditions (Zhang et al. 2009). VEGF-B also plays a protective
role on neurons in the retina (Li et al. 2008). Importantly, VEGF-C and VEGF-D
regulate lymphatic angiogenesis (Karkkainen et al. 2002; Stacker et al. 2002),
emphasizing the unique role of this gene family in controlling growth and differen-
tiation of multiple anatomic components of the vascular system.

Angiogenesis is an important host process that participates in choroidal neovas-
cularization observed in age-related macular degeneration. Host variability in
VEGEF pathway can influence angiogenesis-dependent signaling, altering sensitiv-
ity to antiangiogenic drugs and prognosis. Numerous therapeutic agents targeting
the VEGF pathway have been developed, viz., bevacizumab, ranibizumab, pegap-
tanib, and VEGF traps. Though these agents show promising efficacy, they are often
very expensive, and apart from drug resistance, limited activity and severe toxicities
also build complication in the therapeutic outcomes. There is a strong need for
identification of markers enabling a prior selection of patients who are likely to
benefit from these agents. These markers might also carry prognostic value and may
help in decisions about the overall treatment approach to manage more or less
aggressive tumors with varying degrees of angiogenic involvement. Numerous
SNPs in the promoter, 5, and 3’ untranslated regions (UTR) are present in
VEGE. Single nucleotide polymorphism in VEGF molecule can result in different
outcomes of anti-VEGF therapy in diseases like age-related macular degeneration
(ARMD).

The importance of VEGF single nucleotide polymorphisms (SNP) in predicting
the ARMD progression and anti-VEGF therapeutic response has been shown in
numerous pharmacogenomics clinical studies. For example, some of the more fre-
quent VEGF SNPs found to have association with the outcome of anti-VEGF ther-
apy in ARMD are rs3025039 (936 C>T), rs699947 (-2578 C> A), rs833061 (—1498
C>T), rs1413711 (+674C>T), rs1413711 (+674C>T), rs1413711, rs943080,
rs833069, rs3025000, rs699946, rs699946, rs1413711, rs3024997, and rs2010963
(=634 G >C) (Table 4.1).
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4.5.3 Complement Factor H and Its Polymorphism

The recent revolution in age-related macular degeneration (AMD) genetics has
demonstrated that genetic alterations affecting the alternative pathway of the com-
plement cascade have a major influence on AMD risk. One of the two most impor-
tant genetic loci is on chromosome 1 and contains genes encoding complement
factor H (CFH). CFH is a blood-borne glycoprotein that is also produced locally by
the RPE. This 155-kDa serum glycoprotein is composed of 20 complement control
protein (CCP) domains, such that different regions of CFH recognize different
ligands (Langford-Smith et al. 2014). CFH acts as a complement regulator and con-
veyor of host protection in two primary ways. CFH inhibits the formation of the
alternative pathway C3 convertase by competing with factor B binding to C3b [or
C3(H,0)] via its CCP1-4 region; CFH also promotes the decay of existing C3 con-
vertase by displacing factor Bb. In macular tissue, especially Bruch’s membrane,
relatively high levels of a truncated splice variant of CFH called factor H-like pro-
tein 1 (FHL-1) are present. There is an age-related loss of heparan sulfate from
Bruch’s membrane resulting in less available binding sites for FHL-1 (or CFH) to
anchor to Bruch’s membrane. This is compounded by the Y402H polymorphism in
which CFH binds HS poorly. This ultimately results in complement activation and
inflammation and thereby predisposes to AMD. Evidently supplementation with
recombinant CFH has been proposed as a therapeutic strategy for AMD (Clark and
Bishop 2014). The Y402H polymorphism in the complement regulatory protein fac-
tor H (CFH) can confer a >5-fold increased risk of developing AMD (Kelly et al.
2010). The importance of CFH single nucleotide polymorphisms (SNP) in predict-
ing the ARMD progression and anti-VEGF therapeutic response has been shown in
a number of pharmacogenomics clinical studies shown in Table 4.2.

4.5.4 Intravitreally Administered Glucocorticoids

Intravitreal route of administration minimizes the systemic side effects of glucocor-
ticoids such as triamcinolone acetonide. Dexamethasone implants and fluocinolone
acetonide are the alternatives available for intravitreal anti-VEGF therapy in ocular
neovascular conditions. Corticosteroid treatments have emerged as an alternative
therapy to conventional laser photocoagulation and other modalities for persistent
diabetic macular edema.

Glucocorticoids are the most potent anti-inflammatory agents; however, a major fac-
tor limiting their clinical use is the wide variation in responsiveness to therapy. Five
percent of the population are high steroid responders and develop an intraocular pressure
(IOP) elevation of more than 15 mmHg above baseline (Razeghinejad and Katz 2012).

A meta-analysis reported that 32 % of individuals developed ocular hyperten-
sion (OHT) following 4-mg intravitreal triamcinolone, 66 and 79 % following
0.59 and 2.1 mg fluocinolone implant, respectively, and 11 and 15 % following
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0.35 and 0.7 mg dexamethasone implant, respectively. The common risk factors
included preexisting glaucoma, higher baseline intraocular pressure (IOP),
younger age, OHT following previous injection, uveitis, higher steroid dosage,
and fluocinolone implant (Kiddee et al. 2013).

Glucocorticoid receptor polymorphisms (ER22/23EK, N363S, Bcll, N766N,
and single nucleotide polymorphisms (SNPs) within introns 3 and 4) were assessed
in 52 patients (56 eyes) who underwent treatment with intravitreal triamcinolone
acetonide (IVTA) for various retinal diseases. After removing the patients, those
who are nonpolymorphic for ER22/23EK, N363S, and the intron 3 SNP, in the test
population, the remaining were subjected for analysis for Bcll, N766N, and intron
4 SNP. However, the small population did not record any statistically significant
relationship between glucocorticoid receptor polymorphisms and IOP elevation fol-
lowing IVTA (Gerzenstein et al. 2008).

A retrospective case-controlled study in native Dutch patients (58 steroid
responders and 44 nonresponders) genotyped three SNPs, viz., rs7759778 and
rs1406945 in SFRS3 and rs2968909 in FKBP4 in patients who showed IOP more
than 21 mmHg within 1 year of intravitreal triamcinolone of 4.0 mg. The patients
were divided into an intraocular hypertension group (intraocular pressure >21 mmHg
within a year after IVTA) and a non-intraocular hypertension group. Results of this
study also did not confirm the role of genetic variants in the SFRS3 and FKBP4
genes in the pathogenesis of corticosteroid-induced ocular hypertension (Hogewind
et al. 2012).

4.6 Future Directions for Pharmacogenomics

Polymorphism existing in muscarinic receptors (M1 and M2) and adrenergic recep-
tors involved in other cardio, pulmonary, neuropsychiatric disorders and other dis-
ease conditions are well reported in the literature. However, its relevance to ocular
pharmacogenomics is yet to be established. The practice of characterizing the
genetic variation in the drug response must be incorporated during the clinical trials
of the newer compounds to gain access to the knowledge of such effects in early
stages of drug development. This can successfully avoid the expenses involved in
reinstating clinical studies after the drug is brought into the market. But it should be
noted that it is challenging to arrive at such an interpretation during the drug discov-
ery stage itself due to the lack of conformity on the power of sample population
used in the clinical studies. Hence, efforts should be made to identify and validate
the type of genetic associations which can explain the type of variations that can be
predicted during the drug evaluation stage. Although personalized medicine holds
promise for the future about the possibilities of customizing medications based on
individual genetic makeup, there are several concerns about their exploitation
affecting fundamental rights of a human being. For the judicial application of phar-
macogenomics in treatment options, appropriate regulatory framework for insur-
ance policies and health care providers are of paramount importance.
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Chapter 5
The Biochemistry of the Eye

Narayanasamy Angayarkanni, Karunakaran Coral,
Subramaniam Rajesh Bharathi Devi, and Aluru Venkata Saijyothi

Abstract Biochemical pathways involved in maintaining the functions of vari-
ous ocular structures are very unique in nature. Therefore, understanding ocular
biochemistry is of immense importance while exploring the changes during
pathological conditions. These changes play a significant role on the scope of
converting the biochemical manifestations into therapeutic opportunities.
Current knowledge regarding the ocular biochemistry of these structures is ever
expanding to be limited within a single chapter. Prudent efforts of this chapter
is to review the molecular construct of the tissues of the eye and their character-
istic metabolism, discussed under the subtitles as: cornea; lens, iris, ciliary
body and aqueous humor; sclera; uvea; vitreous, retina and the retinal pigment
epithelium.

5.1 Biochemistry of the Cornea

The cornea is a transparent convex tissue, sensitive due to rich unmyelinated nerve
endings and accounts for two-thirds of the refractive nature of the eye with a refrac-
tive index of 1.376. It is around 0.5 mm in thickness and 11.5 mm in diameter. It is
limited at its periphery by the corneal limbus, where the transparent cornea ends and
the opaque sclera begins. The tissue is immune privileged as it is avascular and is
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nourished by the tear and aqueous humor. The structural arrangement of the tissue
layers enables the refraction of the light.

The human cornea consists primarily of three layers: outer epithelium, middle
stroma, and inner endothelium. There are two other acellular layers, the Bowman’s
layer that separates the epithelium from stroma and the Descemet’s membrane that
separates endothelium from stroma. Recently a novel, well-defined, acellular layer
in the pre-Descemet’s cornea (Dua’s layer) that separates along the last row of kera-
tocytes is reported as the 6™ layer (Dua et al. 2014).

The ectoderm after the lens formation, forms the epithelium of the cornea. The
neural crest cells migrate to form the endothelium, while a few migrate to become
the keratoblasts. These keratoblasts proliferate and synthesize hyaluran to form
the stromal matrix in the embryonic state. They further differentiates into kerato-
cytes, which then synthesizes collagen and proteoglycan, replacing the hyaluran-
water environment of the extra cellular matrix (ECM), finally forming the stroma
of the adult cornea (Hassell and Birk 2010).

5.1.1 The Corneal Epithelium: The Regenerative Layer

It is the outermost layer consisting of four to five layers of stratified nonkera-
tinized squamous epithelial cells and a single basal layer (~50 pm). The basal
columnar cells regenerate as they are mitotically active and are anchored to the
basement membrane through an adhesion complex. Maintenance of the adult cor-
neal epithelium is a dynamic process, incorporating constant cell production,
movement, and loss. Turnover of epithelial cells occurs every 5-7 days by dis-
placement of the top layer which that slough off into the tear, while the basal cells
move toward the surface that form two to three layers of wing-shaped polyhedral
cells. These cells undergo terminal differentiation and desquamation and subse-
quently form the top layer. The outermost layer of the epithelium is in intimate
contact with the tear film via the glycocalyx that keeps the surface moist. This is
important in light transmission, preventing damage due to drying and in acting as
effective barrier against pathogen entry. The epithelium which is continuous
between the cornea and the conjunctiva, has differential characteristics in these
tissues. Unlike epidermis, the corneal epithelium do not lose their nucleus and
extensively keratinize (Beebe and Masters 1996). Tight junctions between the
epithelial cells ensure a polarized epithelium with limited trans cellular
permeability.

According to the conventional hypothesis, slowly dividing limbal epithelial stem
cells (LESCs), located in the basal limbal epithelium, maintain the corneal epithe-
lium. However, recently, an alternative view proposes that corneal epithelial stem
cells scattered throughout the basal layer of the corneal epithelium are responsible
for homeostasis of the tissue and that LESCs are active only during wound healing
(Yoon et al. 2014).
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5.1.2 The Stromal Matrix

The middle stromal layer of the cornea is made of packed collagen fibrils arranged
as orthogonal layers of collagen or lamellae with sparsely distributed keratocytes.
Stroma constitutes 90 % of the corneal thickness. Fibrils of 25-30 nm diameter are
regularly packed within lamellae, and there are 200 such lamellae, each 1.5-2.5 pm
thick. This lattice-like structure ensures minimal light scattering and is responsible
for the corneal transparency. The stromal keratocyte cells are sparsely distributed
among the collagen lamella, and they extend projections toward other keratocytes.
These cells secrete collagen and other extracellular matrix components (ECM) to
maintain the stroma (Hassell and Birk 2010).

The excessive proliferation of the stromal keratocytes in the central cornea than in
the periphery gives the refractive shape to the cornea (Rada et al. 1996). Insulin like
growth factors namely, IGF I and II play an important role in the postnatal stromal
development of the cornea (Kane et al. 2009). The keratocytes respond to growth fac-
tors for the ECM turnover especially during wound healing. Fibroblast growth factor,
FGF2 and the Transforming growth factor, TGF-beta act on keratocytes and induce
myofibroblast formation. TGF-beta induces the expression of smooth muscle actin, col-
lagen, and proteoglycan. Posttranslational modifications play a role in the structure and
function of the various ECM proteins. The hydration of the stroma which is ~3.5 mg
H,0O/mg dry tissue makes the stroma relatively transparent. The stromal ECM consist
primarily of collagen I and V, where collagen V is involved in collagen assembly (Birk
et al. 1986). Collagen is synthesized in the rough endoplasmic reticulum of the cell as
procollagen and is secreted into the ECM. The proteases at the cell surface remove the
N- and C-terminal non-helical, globular ends. The resulting collagen molecules then
arrange laterally in a staggered array to form collagen fibrils of various lengths and
diameters. Specific lysine and hydroxylysine residues in the N- and C-telopeptides are
oxidatively deaminated by lysyl oxidase enzyme (LOX) to produce reactive aldehydes
that undergo a series of non-enzymatic condensation reactions to form covalent intra-
and inter-molecular cross-links. The major reducible cross-links are dehydro-
hydroxylysinonorleucine (deH-HLNL) and dehydrohistidinohydroxymerodesmosine
(deH-HHMD). A non-reducible cross-link, histidinohydroxylysinonorleucine (HHL),
UV-resistant stable tri-functional cross-link are seen in mature cornea (Fig. 5.1).

Decorin (Li et al. 1992), lumican (Blochberger et al. 1992; Kao et al. 2006), kerato-
can (Chakravarti 2006; Corpuz et al. 1996), and mimecan (Funderburgh et al. 1997) are
the four major proteoglycans that regulate the stromal collagen fibril formation and its
stabilization. These corneal proteoglycans belong to the small leucine-rich type proteo-
glycan gene family. The polypeptide chain of the core protein is coiled into a tight spiral
with a leucine-rich region located at every 360°, thereby aligning all the leucine-rich
regions on one surface of the coil. These aligned leucine-rich regions interact with the
collagen molecules to regulate fibril formation (Hassell and Birk 2010).

The core protein of the corneal stromal proteoglycans, namely, decorin, has a
single 55-60 kDa chondroitin/dermatan sulfate chain, while lumican, keratocan,
and osteoglycin/mimecan have 2-3 keratan sulfate chains of 10-15 kDa each, that
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Fig. 5.1 Collagen Biosynthesis: It involves synthesis of pro-a and f chains, self-assembly of
pro-collagens, secretion, cleavage of pro-peptides and self-assembly into fibril
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regulate the spacing between the fibrils. Keratan sulfate (KS) is an important
constituent of several collagen-rich tissues and is the major glycosaminoglycan
(GAGQG) in the cornea, where it is N-linked to asparagine residues on the core protein
by the corneal Glc-NAc 6-O-sulfotransferase enzyme (Akama et al. 2001). The
sulfate groups of the keratan sulfate are essential to maintain the hydration level in
cornea and for the solubility of the proteoglycan. Mutations resulting in defective
proteoglycans lead to corneal dystrophies (Yasutaka Hayashida, PNAS 2006).

5.1.3 Endothelium: The Pump and the Barrier Function

The inner most layer of the cornea is the endothelium that forms a uniform mono-
layer of hexagonal cells (5 p thick) with a cell density of around 2500 cells/mm?.
The endothelium functions as both a barrier to fluid movement into the cornea
and an active pump to move the fluid out of the cornea, ensuring corneal trans-
parency. The barrier function was first demonstrated in the nineteenth century by
Leber (Stocker and Reichle 1974). The function, as metabolic pump, discovered
almost a century later in 1972, when Maurice DM (Freeman 1972) demonstrated
that the endothelium possessed active, energy-dependent fluid pump that moved
water from the corneal stroma into the anterior chamber. This ensures corneal
transparency. The number of endothelial cells is therefore critical (at least around
400-500/mm?) for the optimal pump activity. Steady-state hydration occurs when
the endothelial pump rate equals the GAG-driven leak (Maurice et al. 1981).
A “pump-leak” mechanism where the active transport properties of the endothe-
lium represent the “pump” and the stromal swelling pressure represents the “leak”
was established (Riley 1969a, b). For the pump to function, Na*/K*-ATPase activity
and the presence of HCO;~, Cl, and carbonic anhydrase activities are required. The
pump requires Na*/K*-ATPase activity that actively transports Na* from the stroma
to the anterior chamber and forms a diffusing gradient for water, thereby maintain-
ing a constant stromal hydration. Several basolateral (stromal side) anion trans-
porters, apical (facing the aqueous humor) ion channels, and water channels have
been identified. Numerous anion transport mechanisms have been identified in the
endothelium, namely, basolateral Na(+)/2HCO(3)(-) cotransport, Na(+)/K(+)/2CI(-)
cotransport, Cl(-)/HCO(3)(-) exchange, and apical anion channels permeable
to both Cl(-) and HCO(3)(-), apart from the carbonic anhydrase-mediated CO,-
diffusive mode of apical HCO;~ flux and apical Ca*-sensitive chloride channel
(Bonanno 2003, 2012). The barrier function of the endothelium is in a dynamic
regulation where the tight junctions and the adherent junctions play an integral role
in addition to the Pumps and the channels (Srinivas, 2010).

Cellular glucose uptake is promoted by the glucose transporters present on both the
apical and basolateral endothelial cell membranes (Kumagai et al. 1994). Eighty-five
percent of glucose consumed in the cornea is converted to lactic acid (Riley 1969a).
Epithelium is impermeable to lactate, and therefore in the cornea, it is about twice the
concentration (~13 mM) to that in the aqueous humor (~7 mM)), resulting in a large gradi-
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Fig. 5.2 Pump Leak Mechanism of stromal hydration: Stromal hydration is maintained by the
pumps in the endothelium, ATP-driven Na*/K* ATPase; Na*:K*:2Cl- co-transporter; Na*/HCO?*-
co-transporter; Na*/H* anti-porter; selective and nonselective cationic and anionic channels

ent for lactate flux from cornea to anterior chamber across the endothelium. Lactate: H(+)
cotransport was demonstrated in the endothelium (Giasson and Bonanno 1994) (Fig. 5.2).

Corneal endothelium has a high density of aquaporin (AQP1) located on both
apical and basolateral membranes (Kuang et al. 2004). AQP1 is present for the pas-
sive movement of the water for faster stromal hydration as in physiological situa-
tions such as eye closure (which swells the cornea by ~4 %) or exposure to
hypo-osmotic conditions as in swimming (Bonanno 2012).

There is no mitotic activity of the corneal endothelial cells as these are inhibited
in the G1 phase. There is 0.3-0.6 % loss of endothelial cells per year which is com-
pensated by the migration of the neighboring cells or spreading to a pleomorphic
shape. Cell loss is critical for the pump activity and can result in corneal edema,
bullous keratopathy, and the loss of visual acuity. Cell loss occurs in trauma, refrac-
tive surgeries, penetrating keratoplasty, corneal dystrophies, diabetes, and glaucoma.
Corneal endothelial dystrophy is a chronic progressive endogenous degeneration of
the corneal endothelium, partly due to genetic predisposition (Joyce 2012).
Therefore, current researches explore the proliferative capacity of these corneal
endothelial cells.

The corneal endothelial dystrophies are congenital hereditary endothelial dystrophy
1 (CHEDL1), congenital hereditary endothelial dystrophy 2 (CHED2), posterior poly-
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morphous corneal dystrophy (PPCD), and Fuchs endothelial corneal dystrophy (FECD)
(Weiss et al. 2008). However, the molecular pathologies remain largely unknown.
Genetic factors, chronic oxidative stress, mitochondrial damage, extracellular matix
changes, endoplasmic reticulum (ER) stress changes, and apoptosis contribute to the
pathology of FECD. Early- and late-onset FECD are distinct corneal conditions with the
similar clinical and phenotypic characteristics but different genetic risk factors (Schmedt
et al. 2012). Two types of congenital hereditary endothelial dystrophy (CHED) have
been described: CHED1, which is autosomal dominant, and CHED?2, which is autoso-
mal recessive. The major differences between CHED1 and CHED?2 lie on the onset,
mode of inheritance, genetic mutations, and associated conditions. Mutations of 25
types in different locations of the SLC4A11 gene that codes for BTR1 (bicarbonate
transport-related protein) or NaBC1 are known (Schmedt et al. 2012). Genetic defects in
SLC4A11 disrupt the fluid flux across corneal endothelium necessary for maintenance
of healthy corneal hydration. However, the mechanism by which the mutation leads
specifically to atrophy of corneal endothelium is still not clear (Hemadevi et al. 2008;
Vithana et al. 2006). Posterior polymorphous corneal dystrophy (PPCD) is a rare non-
progressive disorder that affects corneal endothelium and the DM (Henriquez et al.
1984). Mutations in the genes, VSX1 (visual system homebox 1), TCF8, and CO8A2
seem to have genetic heterogeneity (Schmedt et al. 2012).

5.1.4 The Limbus

Between the cornea and the sclera is the limbus, a zone of approximately 1 mm that sur-
rounds the cornea and is the site for surgical incisions for cataract and glaucoma. In the
limbus, the stem cells for the epithelium as well as vascular elements reside in providing
nutrients to the avascular cornea. The vasculature of the limbus derives in primates pri-
marily from the anterior ciliary arteries (Van Buskirk 1989). The limbus has two impor-
tant functions in maintaining a healthy corneal epithelium. It is the source of stem cells
for the corneal epithelium; it also acts as a barrier separating the clear avascular corneal
epithelium from the surrounding vascular conjunctival tissue. This microenvironment
can be altered due to disease leading to limbal stem cell deficiency, when the corneal
surface becomes replaced by hazy conjunctival tissue. The causes of limbal stem cell
deficiency include, chemical injuries to the eye, inflammatory diseases, and hereditary
diseases (Ahmad 2012).

5.1.5 Basement Membrane

Basement membranes are specialized acellular matrix that not only plays a role in
separating the cellular layers but also connect them through the molecular matrix.
Corneal epithelial basement membrane modulates the epithelial-to-stroma and
stroma-to-epithelial interactions by regulating cytokines and growth factor move-
ment from one cell layer to the other. In cornea, the basement membrane is present
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between epithelial cells and stroma. After 8 weeks of gestation, the epithelium is
separated out from stroma by basement membrane which is avascular. The lamina
lucida and lamina densa are the adjacent layers. The basement membrane is chiefly
composed of the laminin, apart from collagen, heparan sulfate proteoglycans
(HSPG), and nidogens. The composition varies from the limbal region to the central
cornea. Laminins are heterotrimeric glycoproteins that are most abundant with dif-
ferent isoforms playing distinct roles. The gene defect has been associated with
corneal diseases such as keratoconus, Fuchs dystrophy, and bullous keratopathy.
Fibronectin, thrombospondin, matrilin, tenascin C, and nidogens 1 and 2 are the
other major basement membrane matrix proteins that act as link proteins to laminin.
The anchored proteoglycans such as perlecan, a complex multi-domain HSPG, can
bind to various but discrete molecules. It regulates the availability of fibroblast
growth factors (FGF), bone morphogenic proteins (BMP), platelet-derived growth
factor (PDGF), vascular endothelial growth factors (VEGF), transforming growth
factor -1 (TGF-P1), and insulin-like growth factors (IGF) to bind to their receptors
thereby mediates the cell signaling for migration, proliferation, and differentiation
of a variety of cells. Perlecan is crucial for corneal epithelium formation and dif-
ferentiation. Perlecan-deficient mice show epithelial defects. Mutations are reported
in integrin, keratins, collagen subtypes, laminin, and many of the basement mem-
brane proteins (Alarcon et al. 2009; Torricelli et al. 2013).

The hemidesmosome (HD) link is a complex of extracellular transmembrane and
cytoplasmic molecules that form structural link between the intracellular keratin
intermediate filament of cytoskeleton of the basal epithelial cell and the underlying
basement membrane. The basement membrane zone has the hemidesmosome and
the lamina lucida and lamina densa, which is the uppermost region of the stroma
(Borradori and Sonnenberg 1999). Basement membrane normally functions as a
barrier to the penetration of epithelial TGF-p1 and PDGF into the stroma. Loss of
basement membrane leads to penetration of these factors that promote myofibro-
blasts development. Thus, basement membrane functions as the regulating barrier,
limiting the fibrotic responses in injury, by regulating molecular interaction between
the epithelium and the stroma. It plays a role in maintaining homeostasis of the
matrix by downregulating wound healing signaling, modulation of epithelial cell
growth proliferation and differentiation (Singh et al. 2011). Basement membrane
also acts as a barrier to the bacterial penetration (Alarcon et al. 2009).

5.1.6 Descemet’s Membrane

Descemet’s membrane is a thick basement membrane (5—10 pm). Descemet’s mem-
brane like other basement membranes consists of two distinct layers, a posterior
layer adjacent to the endothelium and an anterior layer formed by collagen lamellae
and proteoglycans (Kabosova et al. 2007).
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5.1.7 Innervations in Cornea

An important characteristic of the cornea is its heavy innervations, with around
300 times the number of nerve endings per square mm of the skin. These are sen-
sory nerves derived from the ciliary nerves of the trigeminal ganglion ophthalmic
branch. The nerves penetrate the cornea through the peripheral stroma in a radial
pattern and shed their myelin sheet, surrounded only by Schwann cell sheaths.
They subdivide several times into smaller side branch and then advance to the epi-
thelium to form the basal epithelial nerve plexes. The absence of a myelin sheath
on central corneal axons is necessary to maintain corneal transparency. Corneal
nerves exert a trophic effect on the epithelium and maintain the health of corneal
epithelium. Dysfunction of the nerve causes degenerative neurotrophic keratitis
resulting in decreased mitotic activity of the basal epithelial cells, decreased epi-
thelial thickness, increased epithelial permeability, loss of cellular glycogen stores,
decreased oxygen uptake rates, and altered hypoxic swelling responses. Table 5.1
shows the various trophic factors released by the corneal nerve endings and their
response (Muller et al. 2003).

Table 5.1 Neuropeptides and nerve growth factors in the cornea

S. No. | Name of the factor | Effect/acts on Reference
1 Substance P Stimulation of corneal epithelial Garcia-Hirschfeld et al.
cell proliferation (1994)
Migration Nishida et al. (1996)
Adhesion Nakamura et al. (1998a, b),
Chikama et al. (1999),
Araki-Sasaki et al.
(2000)
2 Calcitonin Colocalizes with SP in ocular nerve | Jones and Marfurt (1991,
gene-related peptide | fibers; epithelial renewal and wound | 1998), Muller and
repair Klooster (2001)
Mertaniemi et al. (1995)
3 Norepinephrine Stimulates corneal epithelial cell Voaden (1971), Murphy

Catecholamines

proliferation and migration

Some other studies suggest that
adrenergic nerves exert inhibitory
influences on epithelial cell
proliferation and migration
Stimulate epithelial chloride ion
transport from stroma to tears in
rabbit cornea

et al. (1998)

Friedenwald and
Buschke (1944), Reidy
et al. (1994)

Klyce and Crosson
(1985)

(continued)
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Table 5.1 (continued)

S. No.

4

10

11

Name of the factor
Acetylcholine

Vasoactive
intestinal
polypeptide
Neurotensin

Met-enkephalin
Neurotrophin 3
(NT-3)
Neurotrophin 4/5
(NT-4)
Brain-derived

neurotrophic factor
(BDNF)

Nerve growth factor

Ciliary neurotrophic
factor

Glial cell-derived
neurotrophic factor

Effect/acts on

Stimulates epithelial cell DNA
synthesis

Increases cyclic GMP production

Activates the phosphoinositide cycle
Cholinergic stimulation of
keratinocytes, promotes cell-to-cell
cell-to-substrate adhesion and cell
motility

Stimulates corneal epithelial cell
production of nerve growth factor

Increases keratocyte proliferation
and viability and decreases
keratocyte apoptosis in cultured
human corneal keratocytes

An inhibitor of wound healing
Binds with TrkB and initiates signal
transduction cascade leading to
gene transcription

Homeostasis and regeneration of
epithelium and stroma in human
cornea

Anti-inflammatory and healing
promoting in murine immune
corneal ulcers with stromal melting
Enhances migration of corneal
epithelial cells for wound healing
Regulate corneal epithelial stem
cells

Released in response to oxidative
stress by corneal

Endothelial cells via VIP synthesis
in sympathetic ganglia

Neurite outgrowth of peripheral
sensory nerves

Synthesized by keratocytes in
stroma to modulate the function of
corneal epithelial cells

Migration of corneal epithelial cells
in Boyden chambers and in an

in vitro wound healing assay and
induced MAP-kinase signaling

N. Angayarkanni et al.

Reference

Cavanagh and Colley
(1982), Colley et al.
(1985)

Cavanagh and Colley
(1982)

Walkenbach and Ye
(1991)

Proia et al. (1986)

Grando et al. (1995), Zia
et al. (1997)

Campbell et al. (2001)

Bourcier et al. (2002)

Zagon et al. (1998)

Patapoutian et al. (1999),
Dechant and Barde
(2002)

Lambiase et al. (1998,
2000)

Bonini et al. (2000)

Murphy et al. (2001)

Schermer et al. (1986),
Touhami et al. (2002)
Koh (2002), Koh and
Waschek (2000), Pitts
et al. (2001)

White et al. (2000)

You et al. (2001), Ebner
et al. (2001)
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5.1.8 Innate Immunity of the Cornea

Though the cornea is avascular, during injury there is an inflammatory response
characterized by stromal cell infiltration of polymorphonuclear neutrophils (PMNs)
that come from the limbal vessels followed by a cascade of events involving
anti-inflammatory mediators. If inflammation is not resolved, then corneal fibrosis,
pigmentation, and neovascularization take place, resulting in corneal scarring and
disruption of the blood ocular barrier, resulting in chronic immune-mediated uveitis
(Grahn and Cullen 2000).

Ocular immune system protects the eye from infection and regulates healing pro-
cesses following injuries. The eye is an immune-privileged site and is endowed with
remarkable properties that permit the long-term survival of foreign tumor and tissue
grafts due to multiple anatomical, physiological, and immunoregulatory processes.
Innate immune responses provide an inherent barrier against corneal infection while
also serving as a primary mode of defense that is present from birth. The most evi-
dent is the tear film that coats the cornea and conjunctiva and serves several impor-
tant functions such as lubrication, supply of oxygen, and protection against a range
of potential pathogens. Ocular tissues and fluids express a wide variety of anti-
inflammatory and immunosuppressive molecules, including lysozyme, lactoferrin,
lipocalin, calcitonin gene-related peptide, somatostatin, and complement regulatory
proteins. Table 5.2 lists the various antimicrobial proteins and peptides in the tear.

Toll-like receptors present at the ocular surface render additional immune barrier
by triggering the earliest immune response to the invading pathogens. The TLRs act
by modulating the adaptive immune response which is mediated by MyD88
(myeloid differentiation factor 88). Additionally, certain TLRs can also induce
TRIF {TIR [Toll/IL (interleukin)-1 receptor] domain-containing adaptor protein
which induces IFN (interferon) p}-dependent signaling (Kenny and O’Neill 2008).
The activation of these intracellular signaling pathways induces the expression of
cytokines, chemokines, and adhesion molecules.

Around, 10 TLRs (TLR1-TLR10) have been shown to be present in humans
(Akira et al. 2001; Yu and Hazlett 2006). Different TLRs play a key role in the
regulation of the response to infectious agents in the cornea: TLR4 and TLRS are
involved in Gram-negative; TLR2 in Gram-positive bacterial infections, TLR2 and
TLR4 are activated in fungal keratitis; TLR3, TLR7, and TLRS are involved in viral
infections. Both the bacterial and viral genomes are able to activate a TLRO response.
Lambiase et al. have reviewed the scope of toll-like receptors at ocular surface
(Lambiase et al. 2011).

Reports suggest that TLRs may become therapeutic targets in inflammatory
ocular diseases, associated with the possibility to use extracellular TLR agonists.
Pharmacological modulation of TLR intracellular signaling pathways may allow
novel therapeutic strategies for avoiding the detrimental effects of prolonged inflam-
mation at the ocular surface. The evaluation of TLR-modulating molecules in
human diseases has already started with several ongoing clinical trials (Hennessy
et al. 2010). There is a rapidly growing literature on TLRs in the cornea and con-
junctiva, opening the possibility of targeting these molecules in the management of
ocular surface diseases.
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Table 5.2 Antimicrobial proteins and peptides in tear

Protein/peptide Composition Effective against
Lysozyme 20-30 % Gram-positive
bacteria
Fungi
Lactoferrin 20-30 % Bacteria, fungi,

and viruses

Lipocalin 25 % reflex tear | Bacteria and
fungi
Secretory Major Ig in tear
Immunoglobulin
A
Complement Low levels in
fragments basal tear. Not
present in
reflex tear
Cytokeratin 6A Bacteria

N. Angayarkanni et al.

Mode of action References
Hydrolysis of Sack et al.
1,4-beta-linkages (2001)
between Aho et al.

N-acetylmuramic (1996)
acid and N-acetyl-D- | Albert (2008)
glucosamine in the

peptidoglycan

Cleaves Lee-Huang
chitodextrins in et al. (1999)
fungal cell wall

Binds divalent Janssen and
cations including van

iron depriving the Bijsterveld
bacteria of essential | (1983)
growth nutrient Sack et al.
Acts as cationic (2001)
detergent and Farnaud and
disrupts the cell Evans (2003)

membrane of some
bacteria, fungi, and

virus

Binds to microbial van’t Hof
siderophores et al. (1997),
Protects ocular Fluckinger
surface from et al. (2004)

microbial cysteine Dartt (2011)
proteases

Neutralize pathogen |Lan et al.
preventing their host | (1998, 1999),
attachment Campos-
Binds to lectin-like | Rodriguez
adhesion molecule et al. (2004),

of pathogens Mantis et al.
Chemotactic to (2011)
phagocytic

neutrophils

Alternate Willcox et al.
complement (1997)

pathway activation
leading to formation
of membrane attack

complex

Induce cell wall/ Tam et al.
membrane (2012)
permeabilization,

inhibit bacterial
motility
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Table 5.2 (continued)

Protein/peptide
Secretory
phospholipase A
(sPLA2)

Secretory
leukocyte
protease inhibitor
(SLPI)

Elafin

Bactericidal/
permeability-
increasing

protein (BPI)

B-lysin

Surfactant
protein (SP) A
and D [members
of C-type
collectins)

Antimicrobial
peptides (AMPs)
(<50 amino
acids)
a-Defensins,

- defensins

Glycoproteins
MUCI, MUC4,
MUCI16
Gel-forming
MUCS5Ac

Composition

Major tear
protein

Reflex tears,
higher amount
in closed eye
tears

Low
concentration
Low
concentration

Basal and
reflex tears

Effective against

Gram-positive
bacteria

Active against
both Gram-
positive and

negative bacteria,

fungi, and HIV
Bacteria

Gram-negative
bacteria

Gram-positive
bacteria

Gram-negative
bacteria

Bacteria

Mode of action

Binds to the anionic
bacterial surface,
kills via its lipolytic
enzymatic activity.
hydrolyzes the
sn-2-fatty acyl
moiety from
phospholipids

High cationic
charge, binds
anionic bacterial
surface, inhibits
neutrophil elastase
Directly
antimicrobial

Bind LPS and kill

Targets the bacterial
cell membrane.
Inhibits bacterial
catalase and
peroxidase

Bind pathogens and
regulate host
defense, block
microbial traversal
in the cornea

Disruption of
microbial cell
membranes leading
to cell death

Direct antimicrobial
activity

Trap pathogens
helping to move
them to the lacrimal
drainage pathway,
facilitating their
removal from the
surface
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References

Buckland

et al. (2000)
Nevalainen
et al. (2008)

Franken et al.
(1989)
Sallenave
(2010), Sathe
et al. (1998)
Sallenave
(2010)
Peuravuori

et al. (2006)
Holweg et al.
(2011)

Ford et al.
(1976)

Wu et al.
(2003) Ni

et al. (2005),
Awasthi
(2010),
Alarcon et al.
(2011)

Choi et al.
(2012)

Haynes et al.
(1999),
Garreis et al.
(2010)

Paulsen and
Berry (20006),
Spurr-
Michaud

et al. (2007),
Mantelli and
Argueso
(2008)
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5.1.9 Growth Factors in Corneal Wound Healing
5.1.9.1 Epithelial Growth Factor (EGF)

It is a family of 13 growth factors that includes EGF, TGF-a, and heparin binding
EGF (HB-EGF). The receptor, namely, EGFR, acts as a cell surface receptor. Four
related receptor tyrosine kinases include EGFR/erbB1/HERI1, erbB2/HER2,
erbB3/HER3, and erbB4/HER4 (Schultz et al. 1991), all of which have been
detected in the corneal epithelium. EGF is secreted by platelets, macrophages,
and fibroblasts and act on epithelial cells (Hynes et al. 2001). Heterodimerization
of EGF receptor tyrosine kinases results in the activation of the signaling cascade
resulting in corneal epithelial migration, thereby promoting epithelial wound
healing (Fig. 5.3).

; L\ Il\“GF QIGF-1 KGF

Epithelium ¢
‘ D

G-Actin F-Actin

Re-epithelialization

Re-epithelialization

Fig. 5.3 Interplay of Growth factors in Corneal Wound healing: The growth factors, EGF, HGF,
KGF and IGF-1 promotes cell proliferation through the activation of the Pi3K-AKT pathway. EGF
enhances migration through the ERK1/2 pathway. IGF-1 and Substance-P (S-P) synergistically acti-
vate integrin-5 mediated actin polymerization via Fak-Paxilin t promote migration of the epithelial
cells. KGF in limbal epithelium promotes migration and proliferation through the ERK1/2 and PI3K
pathway. TGFf secreted by epithelium can prevent re-epithelization by inhibiting EGF and HGF
signaling
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5.1.9.2 Keratinocyte Growth Factor (KGF)

Keratinocyte growth factor (28 kDa), a fibroblast growth factor known as FGF-7, is
a potent mitogen for the corneal epithelial cells. It is produced by the conjunctival
and the stromal fibroblasts (Wilson et al. 1999). However, KGF exerts paracrine
effect on the corneal and the limbal epithelial cells, increases cell proliferation,
thereby promoting wound healing effect. KGF activates Ras-MAPK and PI3K/p70
S6 pathways in the corneal epithelial cells and the p38 pathway in the limbal epithe-
lial cells (Chandrasekher et al. 2001; Cheng et al. 2009).

5.1.9.3 Hepatocyte Growth Factor (HGF)

Hepatocyte growth factor (69 kDa of a-chain and a 34 kDa of f-chain) produced by
mesenchymal cells stimulates the tyrosine activity of high-affinity receptor, c-Met, a
proto-oncogene product expressed in epithelial cells (Bottaro et al. 1991). HGF is
produced mainly by fibroblasts and has a paracrine action on the epithelium. While
KGF is produced in the limbal cornea, HGF is produced more centrally. HGF-
facilitates corneal epithelial cell migration and proliferation and inhibits apoptosis (Yu
et al. 2010). HGF activates Ras-MAPK pathways via the receptor-Grb2/Sos complex
(Liang et al. 1998). HGF is also reported to transactivate EGFR (Spix et al. 2007).

5.1.9.4 Insulin-like Growth Factor-1 (IGF-1)

Insulin-like growth factor-1 and its receptors are expressed by both epithelial cells and
fibroblasts of the cornea (Li and Tseng 1995). IGF has been shown to induce all
migration through activation of PI3K/AKT pathway, while in corneal epithelial cell it
enhances proliferation and inhibits apoptosis (Lee et al. 2006). IGF-1 increases che-
motaxis in the corneal fibroblasts (Yanai et al. 2006). IGF seems to have a synergistic
effect with substance P in corneal wound healing (Nakamura et al. 1997) and upregu-
lates FAK, paxilllin, and integrin alpha 5 (Nakamura et al. 1998a, b). IGF also a plays
a role in cell communication via gap junctions through connexin 43 expression in
fibroblasts (Ko et al. 2009). Insulin is present in human tear film, and its receptors are
seen in the corneal epithelial, keratocytes, and conjunctival cells. Systemic and topical
application of insulin promotes re-epithelialization in the cornea.

5.1.9.5 Transforming Growth Factor-p (TGF-f)
TGF-p family has three members, TGF-p1, TGF-p2, and TGF-f3. They regulate

cell proliferation, extracellular matrix synthesis, angiogenesis, immune response,
apoptosis, and differentiation (Andresen and Ehlers 1998; Roberts 2002). Latent
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TGF-p binding proteins (LTBPs) regulate TGF-f bioavailability, activity, and
secretion. TGF-f 1 and TGF-f 2 are seen in the corneal epithelium and stroma
and tear fluid with higher levels of TGF-p2. The TGF-p receptors RI and RII are
located in the epithelial, stromal, and endothelial layers of the cornea (Andresen
et al. 1997; Nishida et al. 1994). While TGF-p1 and TGF-f 2 inhibit corneal,
endothelial cell proliferation, they stimulate stromal fibroblast proliferation
(Yanai et al. 2006; Kay et al. 1998). TGF-f1 delays re-epithelialization, increases
keratocyte proliferation, and promotes myofibroblast differentiation. It increases
the connective tissue growth factor (CTGF) levels and ends up in increased col-
lagen synthesis and scar formation as seen in the corneal fibroblasts (Folger et al.
2001). Corneal fibrosis and haze in Photorefractive Keratectomy (PRK) is inhib-
ited by TGF- P inhibition as shown in rabbits (Jester et al. 1997).

Corneal epithelial cell proliferation promoted by KGF and HGF is inhibited by
TGF-beta, while in keratocytes it promotes the growth-promoting effect of EGF,
thus functioning based on other growth factors in the environment. EGFR is trans-
activated by GPCR (G protein-coupled receptor), a central mediator that converges
multiple extracellular signals in corneal epithelial wound healing. The two major
signaling pathways are ERK and PI3K/AKT. Non-EGF family growth factors,
namely, insulin, IGF, and HGF, also activate ERK and PI3K pathways in endothelial
cells (Hongo et al. 1992; Honma et al. 1997).

Chemical signals in the injury process are the cellular proteins now termed as
“alarmins,” that include high mobility group box 1 and heat shock proteins, antimi-
crobial peptides at the site of injury as a defense to inhibit further damage by
release of lipid autocoids, lysophosphatidic acid, adenosine, and other nucleotides
which can further act as alarmins (Yu et al. 2010). Many purinoreceptors are
expressed by the corneal epithelial cells. Release of high levels of ATP by the
injured cells can activate the P2Y receptors that results in EGFR transactivation via
GPCR activation and calcium wave signaling that in turn promotes wound healing
(Yin et al. 2007).

5.1.10 Lipids in Cornea

The neutral lipids form the major composition in human cornea, which is 34 %.
This includes cholesterol, cholesterol esters, and triglycerides followed by the
sphingolipids (24 %) and the gangliosides (10 %) (Feldman 1967). The phospholip-
ids in cornea include phosphatidyl choline, phosphatidyl ethanolamine, and sphin-
gomyelins (Rodrigues et al. 1983). The fatty acids predominantly seen are oleic
acid, palmitic acid, and stearic acid (Tschetter 1966).

The tear film lipid layer consists of a mixture of nonpolar lipids (wax esters,
cholesterol, and cholesterol esters), which is 60-70 % of the layer; the rest is
composed of phospholipids, glycolipids, and a small amount of free fatty acids,
including omega fatty acids and mono- and diglycerides (Andrews 1970; Tiffany
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1987). Tear lipids arrive from meibomian glands and the accessory sebaceous
gland of Zeis. The phospholipids secreted by the meibomian gland act as amphi-
philic molecules to form an interphase between the outer nonpolar lipid layer and
the inner aqueous layer (Pucker and Haworth 2015). Dietary intake of omega
fatty acids and its topical application is shown to be effective against dry eye
(Roncone et al. 2010).

Corneal arcus results from lipid infiltration into the peripheral cornea in
humans. These lipids are cholesterol-rich lipid particles deficient in apolipopro-
tein (apo)-B (Cogan and Kuwabara 1959). Lipid keratopathy is another condition
common in women, often associated with hypercholesterolemia with cholesterol
esters as droplets deposited in the stroma by lipid-overloaded fibroblasts (Gaynor
et al. 1996). Corneal neovascularization can pave way for lipid access to the cor-
nea; herpetic keratitis and chemical injuries produce severe lipid keratopathy
(Forsius 1961). Another disease, granular corneal dystrophy, an autosomal domi-
nant heritable condition, is characterized by granular deposits in the cornea and
shows an increase in phospholipids with no changes in cholesterol (Rodrigues
et al. 1983). Lipids are known to be involved in the pathology of dry eye with the
loss of the lipid layer thickness being associated with the severity of the dry eye
(Foulks 2007).

Injury to the cornea stimulates the release of platelet activation factor (PAF), a
bioactive lipid that activates phospholipoase A2 (PLA2). This results in the release
of arachidonic acid (AA) as well as its conversion to prostaglandins (PGD), throm-
boxanes (TX), and lipoxygenase (LOX) derivatives (Bazan 1987; Bazan et al.
1985a, b) in all the three layers of the cornea. Cycloxygenase-1 (COX-1) is expressed
throughout the cornea, whereas COX-2 is predominantly expressed close to the
wound (Amico et al. 2004). Laser in situ keratomileusis (LASIK), which damages
the stroma, induces expression of COX-2 in the central epithelium and in the kera-
tocytes adjacent to the wound (Miyamoto et al. 2004). COX-2 metabolites contrib-
ute to tissue damage and neovascularization. LOX derivatives from arachidonic
acid, 12- and 15-hydroxy/hydroperoxy eicosatetraenoic acids, and lipoxin A4
resolvins (RvE1) from eicosapentaenoic acid (EPA) and neuroprotectin D1 (NPD1)
from docosahexaenoic acid (DHA) potentiate repair and regeneration. Stimulation
of the cornea with pigment epithelial-derived factor in the presence of DHA gives
rise to the synthesis of NPD1, a derivative of LOX activity, and increases regenera-
tion of corneal nerves (Kenchegowda and Bazan 2010).

15-hydroxy/hydroperoxyeicosatetraenoic acid [15(S)-HETE] formed from ara-
chidonic acid (AA) by LOX action has a protecting effect from the dry eye (Gamache
et al. 2002) and promotes mucin secretion (Jackson et al. 2001). While LOX deriva-
tives are protective agents in the cornea, PAF plays a central role in mediating
corneal inflammation, cell death, and neovascularization.

Corneal injury causes altered levels of growth factors that activate 12/15-
LOX. Prostaglandins show a variety of effects in cornea through the eicosanoids
(Table 5.3). A balance of pro- and anti-inflammatory levels of bioactive lipids
decides the fate of corneal injury.
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5.1.11 The Lacrimal Functional Unit and the Tear Film
Dynamics

The tear film is considered a vital structure whose main role is to protect the ocular
surface from external environment, infectious agents, and desiccation. The multiple
functions of tear fluids include: lubrication of the eyelids, formation of a smooth and
even layer over the cornea and conjunctiva, providing antibacterial systems for the
ocular surface and nutrients for the epithelium, act as a vehicle for the entry of poly-
morphonuclear leukocytes in case of injury, and washing away the toxic irritants
(Lemp and Blackman 1981; Braun et al. 2015).

Tear film is a trilaminar structure consisting of: (1) a thin anterior lipid layer (0.1 )
originating from the meibomian glands which contains both polar and nonpolar lipids;
(2) an intermediate aqueous layer (7 p) originating from the lacrimal glands, which
contains water soluble substances, including electrolytes, proteins, retinol, immuno-
globulins, and enzymes- and (3) innermost mucous layer (0.02-0.04 p) — secreted by
conjunctival goblet cells and lacrimal gland acinar cells and containing components
loosely bound to glycocalyx of the corneal and conjunctival epithelial cells.

Tear is composed of 98 % water and 2 % solids, like proteins, lipids, carbohy-
drates, and salts. The total tear volume produced is around 6.2 pl, ranging from 3.4
to 10.7 pl. The thickness of tear film is 67 pm; the pH slightly basic, i.e., 7.5; and
the osmolarity is 300—334 milli osmolar (Jordan and Baum 1980). Sodium, potas-
sium, chloride, bicarbonate, magnesium, and calcium salts are found in the tear. The
chloride concentration is more in tears compared to the serum (Van Haeringen
1981). Tear has metabolites such as glucose, urea, lactate, pyruvate, ascorbate, reti-
nol, free amino acids, uric acid and bilirubin.

The tear film is thus a complex mixture of proteins, lipids, mucus, salts, enzymes, and
other metabolites produced from multiple sources such as the lacrimal gland, meibo-
mian gland, goblet cells, and accessory lacrimal glands of the ocular surface. Glands of
Krause located in the lamina propria of the conjunctival fornices (superior and inferior),
Moll glands at the base of the lashes anterior to the meibomian glands and Wolfring
located above the superior border of the upper lid tarsus contributes to the secretion of
components into the lacrimal fluid (Lamberts et al. 1994). The lacrimal gland is a paired,
almond-shaped gland, one for each eye that secretes the aqueous layer of the tear film.
They are situated in the upper, outer portion of each orbit, in the lacrimal fossa of the
orbit formed by the frontal bone (Walcott 1998). The lacrimal glands secrete lacrimal
fluid as a result of neuronal stimuli, which flows through the main excretory ducts into
the space between the eyeball and lids and during blinking of eyes. The lacrimal fluid is
spread across the surface of the eye accumulating in the lacrimal lake and is drawn into
the puncta by capillary action, flowing through the lacrimal canaliculi to the inner corner
of the eyelids entering the lacrimal sac, then to the nasolacrimal duct, and then finally
into the nasal cavity. Lacrimal functional unit (LFU) is an integrated system including
lacrimal gland, ocular surface, lids, and sensory and motor nerves, to carry out its func-
tion. The lacrimal glands consist of a tubular secretory epithelium organized into lobes
that drain into ducts. It is a multilobular tissue composed of acinar, ductal, and
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myoepithelial cells. The acinar cells account for 80 % of the cells present in the lacrimal
gland and are the sites for synthesis, storage, and secretion of proteins. Several tear pro-
teins like lysozyme, lactoferrin, growth factors such as epidermal growth factor and
transforming growth factor are crucial to the homeostasis of the ocular surface.

Ductal cells: These cells modify the primary fluid secreted by the acinar cells to
secrete water and electrolytes. Myoepithelial cells contain multiple processes,
which surround the basal area of the acinar and ductal cells. They contain a smooth
muscle actin that helps to contract and force the fluid out of the ducts and onto the
ocular surface similar to salivary and mammary glands. Other cell types present in
the lacrimal gland includes plasma cells, B and T cells, dendritic cells, macro-
phages, bone marrow-derived monocytes, and mast cells. Immunoglobulin A (IgA)-
positive plasma cells are the majority of the mononuclear cells in the lacrimal gland
(Dua et al. 1994; Wieczorek et al. 1988). These cells synthesize and secrete IgA,
which is then transported into acinar and ductal cells and are secreted by these epi-
thelial cells as secretory IgA.

5.1.11.1 Neural Control of Tear Secretion

The lacrimal gland is innervated by the parasympathetic and sympathetic nervous
system (Botelho et al. 1966; Sibony et al. 1988). Nerves are located in close proxim-
ity to acinar, ductal, and myoepithelial cells as well as blood vessels, and they control
a wide variety of lacrimal gland functions (Botelho et al. 1966; Sibony et al. 1988).
Stimulation of lacrimal gland secretion occurs through a neural reflex arc originating
from the ocular surface (Botelho 1964). Stimuli to the ocular surface activate afferent
sensory nerves in the cornea and conjunctiva which in turn activates efferent para-
sympathetic and sympathetic nerves in the lacrimal gland to stimulate secretion.

Neurotransmitters and neuropeptides released by the lacrimal gland nerves
include acetylcholine, vasoactive intestinal peptide (VIP), norepinephrine, neuro-
peptide Y (NPY), substance P (SP), and calcitonin gene-related peptide (CGRP).
These neuromediators interact with specific receptors present on the surface of lac-
rimal gland cells to initiate a specific response (Hodges and Dartt 2003).
Acetylcholine and norepinephrine are the most potent stimuli of for the secretion of
lacrimal gland proteins, water, and electrolytes (Dartt 2004; Hodges and Dartt
2003). Acetylcholine binds to cholinergic M3 muscarinic receptors, and norepi-
nephrine binds to a- and f-adrenergic receptors (Hodges and Dartt 2003; Mauduit
et al. 1993) leading to respective stimulation.

5.1.11.2 Hormonal Control of Tear Secretion

Hormones from the hypothalamic-pituitary-gonadal axis has a profound impact on
lacrimal gland structure and function. Adrenocorticotropic hormone (ACTH), alpha-
melanocyte-stimulating hormone (a-MSH), prolactin, androgens, estrogens, and pro-
gestins influence lacrimal gland functions (Leiba et al. 1990; Mircheff et al. 1992;
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Sullivan et al. 1996). In addition, glucocorticoids, retinoic acid, insulin, and glucagon
affect various aspects of the lacrimal gland (Petersen 1976; Rocha et al. 2000; Ubels
et al. 1994). Arginine vasopressin, a peptide produced in the posterior pituitary, has
physiologic role in fluid homeostasis, is present in the lacrimal gland acinar and
ductal cells (Djeridane 1994). Androgens are potent hormones that stimulate the
secretion of secretory IgA, an important component of the mucosal immune system
of the eye (Sullivan et al. 1996). Androgens accounts for many of the gender-related
differences seen in the lacrimal gland (Azzarolo et al. 1997; Sullivan et al. 1999).

Protein and water secretion by lacrimal gland (Walcott 1998): A number of
proteins is synthesized and secreted by the lacrimal gland acinar cells. The secre-
tion of these proteins is stimulated by the neurotransmitters and neuropeptides
found in the neurons that innervate the gland (Dartt 2004). The acinar cells have
receptors for acetylcholine (muscarinic M3), VIP, and norepinephrine and recep-
tors for peptides of the proenkephalin family as well as other peptides such as
neuropeptide Y, adrenocorticotropic hormone, and alpha-melanocyte-stimulating
hormone. The acinar cells are extensively coupled by gap junctions. Second mes-
sengers produced by activation of these receptors, such as Ca?* and inositol tri-
sphosphate (IP3), diffuse from stimulated cells to adjacent non-stimulated ones,
causing them to become activated, which further leads to protein secretion.

Water is the one of the major secretory products of the lacrimal gland. This water
moves through the interstitial spaces of the gland into the lumen of the gland where
it is mixed with the other secretory products. This water movement is accomplished
by osmosis, which depends on the movement of ions from the acinar cells into the
lumen (Dartt 2009). The acinar cell surface membrane is differentiated into basolat-
eral and apical domain, which are separated by the junctional complex. The apical
domain contains water channels (aquaporin 5), which facilitates the movement of
water across the epithelium. In addition, Cl~ and K* channels are present to allow
the movement of solute across the epithelium. The basolateral membranes contain
large number of Na* pumps (Mircheff 1989), Na*/K*-ATPase, which actively move
K* into the cell and Na* out of the cell, maintains the gradients. It is this gradient
(more Na* outside and K* inside) that provides the motive force for the movement
of ions and water across the epithelium. In addition, there are several coupled trans-
port systems (porters) driven by the concentration gradients created by the Na*
pump and by the activity of carbonic anhydrase. The basolateral membranes also
have ion channels, specifically for K*, Cl-, and Ca* as well as more general cation
and anion channels. This link between ion channels and their permeability and the
movement of water may form the underlying mechanism of dry eyes.

5.1.11.3 Tear Proteins

Normal tears contain a total protein concentration of 6-10 mg/ml of tear and at
least 80 tear proteins (Gachon et al. 1982) as reported. Major tear proteins include
lysozyme, lactoferrin, secretory immunoglobulin A (sIg A), serum albumin
(Li et al. 2005), lipocalin (Glasgow et al. 1995; Redl et al. 1992; Schoenwald
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et al. 1998), lipophilin (Lehrer et al. 1998) and tear-specific prealbumin (TSP),
lacrimal proline-rich proteins (LPRR4) (Aluru et al. 2012), defensins, zinc-alpha-
glycoprotein, mammaglogulins, and heat shock proteins originating from the lac-
rimal gland. Measured levels of proteins such as 2 microglobulin, cystatins,
substance P, epidermal growth factor (EGF), transforming growth factor 1 and
B2 (TGFp1 and p2), plasmin, tryptase, and al antitrypsin change depending on
the conditions. Other proteins include, mucins, antiproteinases, and bactericidal
protein p-lysine (Ford et al. 1976). Growth factors, EGF, TGF-f1 and B2 are pres-
ent in normal tear fluids and have been associated with corneal wound healing
(Grus et al. 2001).

The glycoproteins in the tear includes orosomucoid, al-glycoprotein, transfer-
rin, ceruloplasmin, Zn-oa2-glycoprotein, and mucous glycoproteins which
contribute to the high viscous nature of the ocular mucus. The viscosity of human
tears reduces during blinking, but between each blink it raises and thus stabilizes
the tear film.

5.1.11.4 Tear Enzymes

A large number of enzymes including glucose-metabolizing enzymes, antiprote-
ases, collagenases, matrixmetalloproteases, and other proteolytic enzymes are
present in tears. During infections of the eye or in corneal ulcerations, the levels of
some of these enzymes like al-antitrypsin and a2-microglobulin are increased
(Ford et al. 1976).

5.1.11.5 Tear Lipids

It includes free fatty acids, free sterols, triglycerides, diesters, polar lipids, and
hydrocarbons. Meibomian secretion with its hydrophobic nature, functions as a
barrier that prevents spill over of tears. The lipid layer reduces the rate of evapora-
tion from an open eye, provides lubrication for the eyelid/ocular interface, and
contributes to the optical properties of the tear film (McCulley and Shine 2001;
McCulley and Shine 2003; Nicolaides et al. 1989).

5.1.12 Mucins in Tear

Glycoproteins are abundantly expressed, especially in the conjunctival cells and are
abundantly found in tears. 424 glycogenes have been identified by the gene chip
array of the conjunctival epithelium. Mucins are high-molecular-weight glycopro-
teins, and the carbohydrate-binding proteins form the major component of the tear
glycoproteins (Mantelli and Argueso 2008). They have a characteristic property of
tandem repeats of amino acids rich in serine and threonine to which O-glycan is
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attached (Gendler and Spicer 1995). Apical cell layers of the corneal epithelium
produce mucin. MUCS5AC is the major secreted mucin of the conjunctival goblet
cells. The transmembrane mucins, MUC1, MUC4, and MUCI16, are produced by
the epithelium (Guzman-Aranguez et al. 2010).

Mucins along with galectin-3 promote barrier integrity and prevent bacterial
adhesion. Galectin-3 is the most abundantly expressed carbohydrate-binding pro-
tein in human conjunctival epithelium, while galectin-8 and galectin-9 are found in
much lower concentrations (Mantelli and Argueso 2008). Oligomerization of galec-
tin-3 results in lattices that resist lateral movement of membrane components on the
glycocalyx (Pablo Argiieso et al. 2013). Human tear mucins consist primarily of
a2-6 sialyl core 1 (Galp1-3GalNAcal-Ser/Thr) (Guzman-Aranguez et al. 2009).
However, in the conjunctiva, a2-3 sialyl core 1 is seen. The glycosylated mucins are
hydrophilic and are responsible for the water-binding capacity that prevents ocular
surface drying. In addition to mucins, glycosyltransferases, proteoglycans, glycan
degradation proteins, and Notch signaling molecules are expressed on the ocular
surface. They act as receptors for the pathogens, thereby trapping and removing
pathogens from the epithelial surfaces. They prevent barrier function by preventing
endocytosis (Guzman-Aranguez et al. 2012). Thus, lubrication and clearance of
pathogens and debris are the major functions of the mucins and other glycoproteins
in the tear.

5.2 Biochemistry of Lens

The lens of the vertebrate eye is a unique organ in that it is nonvascularized and nonin-
nervated (Bloemendal 1981). The entire organ is composed of cells of surface ecto-
dermal origin at various stages of differentiation surrounded by a basal lamina, the
lens capsule (Duncan 1981; Bloemendal 1981). The epithelial cells ranging from 9 to
17 mm in diameter (Brown and Bron 1987) remain quiescent in the central epithelium
(nondividing phase), surrounded by a germinative dividing zone of cells which divide
toward the equatorial area (dividing phase) and terminally differentiate (differentiat-
ing phase) into long, transparent fiber cells in the equatorial region (Papaconstantinou
1967; Piatigorsky 1981). The transition of lens cortex into fiber cells during the devel-
opmental stages is characterized by biochemical changes which includes the synthesis
of fiber-specific proteins, o- and p-crystallins, and arid morphologic changes such as
cell elongation, loss of cellular organelles, and disintegration of the nucleus (Worgul
et al. 1989). The single monolayer of anterior epithelial cells in the mature lens repre-
sents a very static population and is essential for maintaining the metabolic homeosta-
sis and transparency of the entire lens (Spector et al. 1995). Anteriorly, they form an
epithelial monolayer, while internally they are represented by shells of concentrically
arranged fully differentiated fiber cells, which form the bulk of the lens (Winkler and
Riley 1991). Thus, the lens continually grows throughout life and maintains its dis-
tinct polarity with the monolayer of epithelial cells covering only the anterior half of
the fibers (McAvoy and Chamberlain 1989).
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5.2.1 Glucose Metabolism in the Lens

The deeper fibers which make up most of the adult lens are organelle-free, while
most of superficial fibers are metabolically active and are nucleated. Since the lens
must be a transparent and colorless medium, the energy required for its growth and
transparency is derived chiefly from glucose. To maintain transparency, the lens
cannot be endowed with pigmented oxidative enzymes of the cytochrome system or
the riboflavin-containing group. Thus, in the lens, glucose is catabolized primarily
to lactic acid, and is not appreciably combusted to CO, (Kinoshita et al. 1961).
Anaerobic glycolysis yields about 70 % of the ATP (Winkler and Riley 1991).
Aerobic incubation done in the absence of glucose indicates that the aerobic phase
of metabolism is capable of providing energy to a certain degree. To support the
energy-utilizing mechanisms, the Krebs cycle and the oxygen-utilizing mechanisms
are sufficiently active to consume enough endogenous substrates (Piere and van
Heyningen 1956). The ability of the lens to synthesize sorbitol is an unusual feature
of lens glucose metabolism. The lens is rendered a favorite site for sorbitol produc-
tion due to reasons like high pentose shunt activities, relatively high aldose reduc-
tase, and low hexokinase (Van Hayningen 1962).

5.2.2 Sorbitol Metabolism and Aldose Reductase

During normoglycemia, glucose entering the cell is rapidly phosphorylated by the
enzyme hexokinase and enters the Embden-Meyerhof pathway, providing the major
aerobic energy source for the cell (Kador et al. 1985). This pathway is fully satu-
rated at normal glucose levels, and hence if hyperglycemia occurs, the excessive
glucose cannot be metabolized by this pathway. The enzyme aldose reductase (AR)
has a much lower affinity for glucose than hexokinase, and significant amounts of
glucose enter the sorbitol (or polyol) pathway only when its levels are raised. AR
converts glucose to the alcohol sorbitol, which is then further oxidized to fructose
by the enzyme sorbitol dehydrogenase (Kador et al. 1985)

5.2.3 Transport of Fluid by Lens Epithelium

The lens is an avascular tissue which is thought to be nourished by diffusion. Yet,
the metabolic consumption of nutrients by the lens cannot be attributed to simple
diffusion of nutrients into the lens (Harris et al. 1955). Studies have shown lens fibre
cells membranes to be rich in ion channels (K*, Na*, Ca?*), water channels (aquapo-
rins), pumps (Na*/K*-ATPase) (Mathias and Rae 2004), and specific transporters for
small molecules such as glucose and amino acids (Lim et al. 2006, 2007). Four
mechanisms that govern the solute transfer from the aqueous and vitreous humors
to the lens fibers in order of relevance are as follows:
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(i) Na* -leak conductance drives the paracellular transport of water, small mole-
cules, and ions along the intercellular spaces between epithelial and FCs.

(ii) Specific carriers and transporters to bring about membrane transport of such
solutes from the intercellular spaces to the fiber cytoplasm.

(iii) Gap-junctional coupling mediating solute flux between superficial and deeper
fibers, efflux of waste products in the equator, and electrical coupling of fibers
driven by Na*/K* -ATPase.

(iv) Caveoli and coated vesicles for the transcellular transfer (Paterson and
Delamere 2004).

5.2.4 Lens Crystallins

The structural proteins abundantly seen in the lens that are evolutionarily related to
stress proteins are the two crystallin gene families which comprise of the a-crystallins
and the Py-crystallins. a-Crystallins which possess chaperone-like activity in vitro are
molecular chaperones that prevent aberrant protein interactions. Their activity includes
remodeling and protecting the cytoskeleton, inhibition of apoptosis, and enhancement
of the resistance of cells to stress. Binding to proapoptotic proteins such as pS3 may be
the possible mechanism of action for inhibition of apoptosis in lens (Jolly and Morimoto
2000); o -Crystallins are known to prevent undesired interactions and aggregation of
cytoskeletal proteins (Horwitz 2003). Proteins of the pfy-crystallin family proteins are
suggested to affect lens development, and its expression is seen in tissues outside the
lens. Of the transcription factors regulating expression of different crystallin genes in
lenses of different species, the most commonly studied are Pax-6, retinoic acid recep-
tors, maf, Sox, CREB, and AP-1 (Cui et al. 2004; Cvekl and Piatigorsky 1996; Cvekl
et al. 1994). Recent work demonstrates that targeted disruption of a DNA repair mol-
ecule, Nbs, affects transcription of crystallins (Yang et al. 2006).

5.2.5 Connexins in Lens

Connexins [Cx] are a family of membrane proteins that have two extracellular loops,
one intracellular loop, four transmembrane domains and intracellular C as well as
terminus N-terminus. In mammals, almost all cell types express one or more Cx iso-
forms. Cx43 is the most ubiquitous (Beyer et al. 1987; Dupont et al. 1988). Cx46 is
present in lens (Paul et al. 1991) and lung (Abraham et al. 1999). Mammalian lens
express three connexin isoforms. Cx43 and Cx50 is expressed by cortical epithelial
cells (Dahm et al. 1999), whereas nuclear fiber cells express Cx46 and Cx50 (Tenbroek
etal. 1992) and Cx50 (Kistler et al. 1985; White et al. 1992). Cx46 and Cx50 expressed
by mature fiber cells are needed for the coupling of both peripheral and interior fiber
cells (Baldo et al. 2001; Gong et al. 1998; Martinez-Wittinghan et al. 2004) and for
maintaining lens transparency (Benedek 1971; Mathias et al. 1997; Hejtmancik 2008).
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5.2.6 Aquaporins in Lens

The predominant membrane protein present in mature fibers is aquaporin 0
[AQPO], also called the major intrinsic protein [MIP]. AQPO functions as a water
channel at a pH of 6.5 and forms thin junctions of 11-13 nm thickness between the
lens fibers at low calcium concentrations (Nemeth-Cahalan and Hall 2000); it also
acts as an adhesion molecule interacting with Cx50 for the differentiation of lens
fibers and to enhance gap junction formation (Engel et al. 2008; Kumari and
Varadaraj 2009; Yu and Jiang 2004; Liu et al. 2011). Studies show that MIP (AQPO)
expression in the adult bovine lens is seen in thin, asymmetric membrane interac-
tions set apart from the thicker, symmetric junctions containing connexins
(Gruijters et al. 1987).

5.2.7 Apoptosis in Lens Epithelial Cells

Programmed cell death or apoptosis is one of the features of the early steps in eye
development associated with morphogenesis. Suppression of programmed cell
death in the later stages is essential for tissue differentiation, and in the adult, fac-
tors inducing inflammatory cell apoptosis maintain the immune-privileged status
of the eye (Lang 1997). Fibroblast growth factor is one of the components that
acts during morphogenesis to bring about suppression of apoptosis in cells of the
lens lineage (Bozanic et al. 2003). Human cataract patients have a significant
percentage of apoptotic epithelial cells, while normal human lenses of similar age
do not (Li et al. 1995a), and lens epithelial cell apoptosis can be activated by oxi-
dative stress (Spector et al. 1995) and calcimycin (Li et al. 1995b) that cause
cataract.

5.2.8 Epithelial to Mesenchymal Transition (EMT)

The transition process by which epithelial cells undergo phenotypic changes,
acquire mesenchymal properties and increase their ability to migrate and/or syn-
thesize interstitial matrices is called as EMT. In the lens, this happens commonly
after injury as seen in cataract extraction, leading to fibrosis of the lens capsule.
Wnt pathway has been shown to be involved in EMT and fibrosis of epithelial cells
(He et al. 2009; Konigshoff et al. 2008). Wnt3a, a member of the Wnt family, is
found to induce the accumulation of B-catenin and thereby the activation of the
canonical Wnt signaling pathway (Nalesso et al. 2011). Transforming growth fac-
tor B (TGFp) has been reported to induce the EMT of lens epithelial cells and
promotes Wnt expression during cataract development (Chong et al. 2009).
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5.2.9 Advanced Glycation End Products (AGE) in Aging Lens

Proteins when exposed to reducing sugars for a long time leads to accumulation of
advanced glycation end products (AGEs) due to nonenzymatic glycation. Proteins
like collagens and crystallins, which are long-lived are found to be subjected to this
modification. This has been reported as the etiology in diseases like cataracts, dia-
betic complications, and arteriosclerosis. AGEs may alter cellular functions result-
ing in fibrosis in lens epithelial cells (Hong et al. 2000).

5.2.10 Antioxidants

Superoxide is converted to hydrogen peroxide by superoxide dismutases, in most
tissues of the body, including the lens. Since hydrogen peroxide produces hydroxyl
radical OH, it can become highly toxic. Catalase and glutathione peroxidase prevent
this toxicity by a system of antioxidant molecules, wherein glutathione plays a vital
role (Lou 2003). Ascorbate plays an important part in lens biology, both as an anti-
oxidant and as a UV filter when present in aqueous medium (Varma et al. 1979;
Hegde and Varma 2004; Devamanoharan et al. 1991).

5.3 Biochemistry of the Uvea

The uvea is otherwise called as uveal coat/tract or vascular tunic and is comprised
of the iris, ciliary body, and choroid, of which the iris and ciliary body lie in the
anterior segment, while the choroid spans the entire eye ball between the retina and
sclera. The uveal vasculature functions for the nutrition and gas exchange by direct
perfusion into the iris and ciliary body and indirectly to the lens, sclera, and retina.
Moreover, the uvea helps in reducing the light reflection within the eye, by light
absorption, and hence improves the image quality. The most important function of
the uvea includes the secretion of aqueous humor by the ciliary process.

The inner surface of the ciliary body which has two layers of epithelium forms
the aqueous humor. This epithelium has an inner nonpigmented layer and outer
pigmented layer. The ciliary capillaries are highly fenestrated, and the ultrafiltrate
of the blood fills the stroma which is formed by the active transport of ions. From
the stroma, selective transport of solutes occurs producing osmotic flux producing
the AH.

Uveitis is a group of intraocular disorders involving inflammation of the uvea
and, in few cases, other related ocular structures that cause about 10 % of blindness
(Agrawal et al. 2010), of which about 50 % have bilateral vision impairment
(Durrani et al. 2004). Uveitis can be classified as anterior, intermediary, and posterior
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uveitis; iridocyclitis is the inflammation at the anterior uvea (iris and ciliary body).
In case of inflammation of the iris alone, it is referred to as iritis. Inflammation at
ciliary body is cyclitis, which is intermediate uveitis. Acute anterior uveitis starts
with an intense inflammation around the cornea. The case of posterior uveitis may
be bilateral, associated with painless loss of vision. When an inflammation in the
vitreous is involved, floaters may be present that are aggregates of inflammatory
cells suspended in the vitreous. Loss of vision may be generally due to cataract,
opacity in the vitreous, chorioretinal scarring, cystoid macular edema, secondary
glaucoma, retinal vascular occlusions, inflammatory optic neuropathy, and retinal
detachment (Guly and Forrester 2010; Lowder and Char 1984). Posterior uveitis
refers to inflammation in the choroid called as choroiditis, and when the adjacent
layer to the uvea is also involved, the condition is termed as retinochoroiditis/uveo-
retinitis. When the retina is involved, in case of retinal blood vessels, it is called reti-
nal vasculitis, vitritis (vitreous), and when the optic nerve is involved, it is papillitis
(Char and Schlaegel 1982).

Various causes have been attributed to the onset of uveitis as drug induced, trau-
matic, infection induced, and autoimmunity. Uveitis in some cases is found to be
generally coupled with many systemic diseases, namely, Behcet’s syndrome, juve-
nile idiopathic arthritis, sarcoidosis, masquerade syndrome, and infectious diseases
like tuberculosis. In about half the cases, it is considered to be idiopathic, and no
systemic association is found. In such cases uveitis is presumed to be autoimmune
(Rothova et al. 1992). The management of uveitis is determined by the presence or
absence of infection or is noninfective and by the likelihood of a threat to sight
(Guly and Forrester 2010). The immune response elicited to the infection is consid-
ered in part to be responsible for the inflammation and thus the consequent ocular
damage and visual loss. Hence topical and systemic steroids are often used in addi-
tion to suppress inflammation in patients with infection-related uveitis.

5.3.1 Iris

The human iris is a thin, visible circular structure of eye responsible for controlling
the diameter and size of the pupil, thus the amount of light reaching the retina. Iris
bounds by the dark pupil and white sclera. It suspends in the aqueous humor behind
the cornea but present in front of the lens (Davis-Silberman and Ashery-Padan
2008).

The iris divides the space between the lens and the cornea into the anterior cham-
ber (between the cornea and the iris) and posterior chambers (between the iris and
the lens). The periphery of the iris attaches to its root at the iridocorneal angle of the
anterior chamber that merges with the tissue of the ciliary body and trabecular
meshwork. The human iris formation begins at third month of gestation and com-
pletes by the 8 months of gestation, but the pigmentation continues till the first year



112 N. Angayarkanni et al.

after birth. The size of the iris varies from person to person with an average size of
12 mm in diameter ranges from 10.2 to 13.0 mm in diameter (Eagle 1988).
The iris consists of four layers:

. The anterior layer

. Stroma

. Sphincter muscle fibers and dilator muscle fibers
. The posterior pigment epithelium

A W N =

The anterior layer is a visible part of the iris which is lightly pigmented. Heavily
pigmented melanocytes are present in this layer. The stroma consists of loose connective
tissue containing fibroblasts, melanocytes, and collagen fibers. The eye color depends
on the melanin pigment content within the stroma and the anterior layer. The involun-
tary smooth muscle sphincter pupillae or circular muscle lies within the stroma, close to
the pupil margin and is about 0.75—1 mm in diameter and 0.1-1.7 mm in thickness.

The dilator pupillae muscles (radial muscles) form a flat sheet beneath the stroma
and extends from the iris to the sphincter. These two smooth muscles control the
size of the pupil that regulates the amount of light entering the eye.

The posterior epithelium includes two layers of cells that are heavily pigmented.
Both anterior and posterior surfaces of the iris provide highly complex and unique
iris patterns to individuals. The iris is a well-protected organ, and the iris patterns
are stable over many years. Therefore the iris pattern is suitable for individual iden-
tification (Eagle 1988).

The important reaction in iris epithelium is formation of melanin pigment.
Synthesis of iris melanosome pigment melanin is initiated by converting tyrosine to
dihydroxyphenylalanine by the enzyme tyrosinase. Mutation in tyrosinase gene
results in ocular albinism.

Recent studies with iris organ culture shows, apart from the differential modula-
tion of tyrosinase transcription, several other factors can contribute to the variability
of iris darkening due to certain topical prostaglandin analog therapies. Other
enzymes that are involved in the biosynthesis of melanininclude 5, 6-dihydroxyindole
carboxylic acid oxidase and dopachrome tautomerase. Differential expression of
each of these enzymes also alters the formation of melanin. Therefore, variations in
each of these serve as potential targets for modulating iridial melanocyte respon-
siveness to latanoprost (Lindsey et al. 2001).

Iris is the major site to produce prostaglandins that regulates various functions
such as smooth muscle contraction, intraocular pressure, and blood-aqueous barrier

penetration (Droge et al. 2003).

Aniridia is a rare, congenital ocular disorder with the characteristics of incom-
plete formation of the iris caused by the mutations of the paired box gene-6 (PAXO6)
(Liu et al. 2015).

Fernandez-L6pez E et al. reported in their case study first time a sutureless arti-
ficial iris implant fixed in the ciliary sulcus after cataract surgery, and they suggest
artificial iris will be a promising device for treating photophobia in congenital
aniridia (Ferndndez-Lépez et al. 2015).
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5.3.2 Ciliary Body

Human ocular ciliary body (CB) is located between ora serreta and iris which is
multifunctional. Ciliary body consists of ciliary muscle and epithelial layer. The
epithelial layer is again in two forms, namely, pigmented epithelial layer (PE) and
nonpigmented epithelial layer (NPE). The anterior portion of CB continues with
iris epithelium; posteriorly NPE continues with neural retina and PE with retinal
pigment epithelium. The important function of ciliary epithelium is to produce
aqueous humor. Aqueous humor is required to build up the intraocular pressure
(IOP) that maintains the eye shape and also nourishes avascular eye tissues, like
the lens and cornea. Ciliary muscle helps for proper accommodation of lens
(Janssen et al. 2012).

CB synthesizes and expresses multiple neuroendocrine proteins such as neuro-
tensin, natriuretic peptides, and somatostatin, steroid-converting enzymes, transfer-
rin, transthyretin, angiotensin, and growth factors(Coca-Prados and Escribano
2007); these endocrine molecules play role in regulating IOP, the composition of the
aqueous humor. The ocular microenvironment of blood-aqueous barrier is anti-
inflammatory, minimizes ocular tissue damage, and restores vision clarity (Taylor
2009). The aqueous humor is rich in soluble immunomodulatory factors produced
by pigmented epithelium that includes CD86, TGF-beta, and TSP1 (Sugita 2009).
NPE and PE also involved in a variety of metabolic process, including lipid and
vitamin metabolism showed by gene functional studies. Janssen et al showed the
gene expression profiles and functional annotations of the NPE and PE which were
highly similar. They found that most important functionalities of the NPE and PE
were related to developmental processes, neural nature of the tissue, endocrine and
metabolic signaling, and immunological functions. A total of 1576 genes differed
statistically significantly between NPE and PE. From these genes, at least 3 were
cell specific for the NPE and 143 for the PE. They also observed high expression in
the (N)PE of 35 genes that were previously implicated in molecular mechanisms
related to glaucoma (Janssen et al. 2012). The CB is also involved in several pathol-
ogies. The most important are glaucoma, anterior uveitis/iridocyclitis, (pseudo)
exfoliation syndrome, and uveal melanoma (Janssen et al. 2012).

Aqueous humor production depends on the interaction of complex mechanisms
within the ciliary body that involves blood flow, transcapillary exchange, and trans-
port processes in the ciliary epithelium.

The enzyme ATPase, present predominantly in nonpigmented epithelium (Cole
1964), is responsible for sodium transport to the posterior chamber and for aqueous
formation. It is not a simple dialysate or ultrafiltrate of the blood plasma (Kinsey
1951). An active mechanism demanding high metabolic energy is required for the
continuous aqueous production by the ciliary processes.

An ultrafiltration from the capillaries of ciliary processes together with secre-
tory mechanism in the ciliary epithelium produces aqueous humor. The secretory
mechanism involves active transport of electrolytes, coupled with fluid transport
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and carbonic anhydrase action. The produced aqueous humor consists of two
chambers of unequal volume, the anterior and posterior and the communication
between these two occurs through the pupil. Aqueous humor secreted by ciliary
processes flows into the posterior chamber from which it flows into the anterior
chamber and drains into extraocular venous systems (McCaa 1982).

5.3.2.1 Trabecular Meshwork

The aqueous outflow determining structure in the anterior chamber includes ciliary
muscle and trabecular meshwork (TM). The TM and Schlemm’s canal (SC) are
located in the iridocorneal angle. SC is a circumferential channel which accounts
for 70-90 % of AH outflow. The endothelial cell lining the SC is the major determi-
nant of the intra ocular pressure (IOP) since it is the primary site of resistance to the
AH outflow. It is recently speculated to have features of lymphatic and blood vascu-
lar nature (Ramos et al. 2007; Truong et al 2014). The TM is a porous connective
tissue (300x50-150 pm) with a lamellar arrangement, and the SC is arranged cir-
cumferentially (25 mm long) (Hogan et al. 1971). The filtering portion of TM has
three regions, namely, uveal meshwork, corneoscleral meshwork, and juxtacana-
licular region (JCT). There is also a non-filtering anterior part that protrudes under
the cornea (Tamm 2009). The uveal meshwork form irregular intratrabecular fenes-
trations (Lutjen-Drecoll and Rohen 2001). The trabecular meshwork contains three-
dimensional elastic fiber that connects the inner wall of Schlemm’s canal anteriorly,
the ciliary body internally, and the choroid and ciliary muscle posteriorly (Overby
etal. 2014). The outer layer of cells in TM act primarily as pre-filters and are aggres-
sively phagocytic, removing cellular debris from AH before the fluid moves deeper
into the less porous JCT and SC. The endothelial cells play a metabolic role in regu-
lating the AH outflow dynamics. Both adrenergic and sympathetic fibers are present
in the TM which increase the outflow facility after adrenoreceptor stimulation (Wax
and Molinoff 1987). The contractile property of AH aids in aqueous outflow
regulation.

5.3.2.2 Aqueous Humor Formation

Aqueous humor is a transparent watery fluid present in the anterior chamber
secreted by ciliary processes of the ciliary body, a musculoepithelial structure,
which is located behind the iris. It maintains the intraocular pressure, i.e., the prod-
uct of the rate of aqueous production and the rate of aqueous drainage. The rate of
aqueous humor formation is 2—-3 pl/min. The fluid enters into the posterior chamber
and flows back through the space between the lens and the iris and enters the non-
vascularized tissues of the anterior chamber through the pupil (Rasmussen and
Kaufman 2014).
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AH forms through passive diffusion, ultrafiltration, and active secretion
(Sit 2014). The plasma ultrafiltrate gets accumulated in the stroma which contrib-
utes to the AH in the posterior chamber (Civan and Macknight 2004). About 90 %
of the aqueous humor formation is through active secretion from the nonpigmented
ciliary epithelial cells (Mark 2010). The transport of fluid across osmotic pressure
is through the water channel aquaporins (AQPs), namely, AQP1 and AQP4
(Yamaguchi et al. 2006). The ATP required for this transport is supplied by the Na*
/K* -ATPase, an enzyme located in both the nonpigmented and pigmented ciliary
epithelia (To et al. 2001). This can be inhibited by glycosides, vanadate, and
acetozolamide and thus gains pharmacological interest (Goel et al. 2010). Another
enzyme of pharmacological attention is carbonic anhydrase which is in the nonpig-
mented and pigmented ciliary epithelia transports bicarbonates. This aids in pH
regulation by affecting Na* ions and helps for active ion transport (Maren 1976).

Apart from electrolytes, carbohydrates, glutathione, urea, proteins, and amino
acids are the major constituents in AH. The protein levels are 200 times less in AH
compared to plasma, and this is mainly made up of glycoproteins and immuno-
globulins like Ig G, Ig M, and Ig A (Allansmith et al. 1973). Free amino acids are
present in AH attributing to the active transport (Dickinson et al. 1968). The levels
of urea and glucose reflect 80 % of plasma concentration (Reiss et al. 1986). Matrix
enzymes like collagenase are also found in AH which helps in the ECM mainte-
nance and contribute to TM resistance pathway (Vadillo-Ortega et al. 1989).
Glutathione and ascorbate are the two important antioxidants present in AH, which
protect the tissues from light-induced oxidative damage. Ascorbate levels are 50
times more compared to plasma (Leite et al. 2009).

The ciliary, iris epithelium, and the tight junctions of the iris endothelial cells
contribute to the blood-aqueous barrier.

5.3.2.3 Aqueous Humor Outflow Pathway

Aqueous humor leaves the anterior chamber through the well-structured tissue, tra-
becular meshwork, and it reaches the Schlemm’s canal, which drains into the aque-
ous veins through the conventional pathway (Goel et al. 2010). On the other hand,
aqueous humor leaves the eye by diffusion through intercellular spaces among the
ciliary muscle fibers through the uveoscleral or non-conventional pathway by diffu-
sion through intercellular spaces among ciliary muscle fibers (Bill 1975). The tra-
becular meshwork plays an important role in providing most of the flow resistance
to aqueous humor outflow. Modification of the trabecular meshwork resistance is
responsible for the regulation of intraocular pressure.

Through the trabecular meshwork pathway AH reaches the Schlemm’s canal and
drains via the aqueous veins. This flow of AH through TM is dependent on the out-
flow resistance which is measured as pl/minute/mL of Hg (Stamer and Acott 2012).
Through the TM, maximum amount of AH drains. The layers present in the TM are
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uveal meshwork formed by the iris and ciliary body stroma with large intercellular
spaces, followed by corneoscleral meshwork which has lamellar endothelial-like
cells which have collagen and elastic fibers. Their intercellular spaces are narrow
and offer resistance to aqueous outflow. The next layer is called juxtacanalicular or
cribriform meshwork which is rich in extracellular matrix and very narrow intercel-
lular space. The AH has to then cross the endothelial cell lined by the Schlemm’s
canal (Epstein and Rohen 1991). This is done by either the paracellular route or
transcellular route. There are autonomic and sensory innervations to form neu-
rotransmitters which influence the permeability of TM (Ruskell 1976).

Glaucoma is a condition in which the aqueous humor builds up in the eye leading
to increase in the intraocular pressure that consequently damages the optic nerve and
nerve fibers from the retina. Normal intraocular pressure ranges from 12 to 22 mmHg.
Ocular hypertension is a condition in which the person has high IOP (intraocular pres-
sure) and does not show symptoms of glaucoma. The signs and symptoms of glau-
coma include progressive visual field loss, optic nerve changes, and loss of vision
which occurs gradually over a long period of time (Tektas and Lutjen-Drecoll 2009).
Primary open-angle glaucoma is the most common type of glaucoma (Tektas and
Lutjen-Drecoll 2009). People with normal-tension glaucoma have open, normal-
appearing angles. In normal-tension glaucoma, optic nerve fibers get damaged even
though there is a normal intraocular pressure. It may be considered one of the autoim-
mune diseases. Primary angle-closure glaucoma is the physical obstruction of trabecu-
lar meshwork by the iris (Tektas and Lutjen-Drecoll 2009). Plateau iris glaucoma is a
condition where in the anterior chamber, angle closes due to pupillary dilation without
iris block. Mixed glaucoma is the combination of primary open-angle glaucoma and
primary angle-closure glaucoma. Secondary open-angle glaucoma is characterized by
the aqueous outflow resistance between the trabecular meshwork and anterior cham-
ber in pre-trabecular and trabecular form. Glaucomas are treated by applying drops
which enhance aqueous draining or reduce aqueous secretion such as beta-blockers to
reduce AH secretion (Cheng et al. 2012), alpha-adrenergic agonists (Chew et al.
2014), carbonic anhydrase inhibitors (Scozzafava and Supuran 2014), prostaglandin
F2a analogs (Alm 2014), and cholinergic agents or miotic to increase the TM outflow
pathway, e.g., pilocarpine and Carbachol (Lee and Higginbotham 2005).

Laser trabeculoplasty is done to treat open-angle glaucoma. A high-energy laser
beam is used to open clogged drainage canals and help fluid drain more easily from
the eye. Laser surgery for glaucoma initially lowers pressure in the eye. Overtime,
however the intraocular pressure may begin to rise (Leahy and White 2015). In
trabeculectomy and drainage implants, the fluid is directed to a bleb on the outer
layer of the eyeball where it can be absorbed (SooHoo et al. 2014). Laser peripheral
iridotomy surgery is used in the treatment of angle-closure glaucoma. In iridotomy,
a small hole is created in the iris using a laser so that the fluid can flow through it
and leaves the eye. After surgery in the affected eye, the other eye is also recom-
mended for iridotomy because of the high risk that its drainage will also close in the
future (Ng et al. 2012).
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5.3.2.4 Aqueous Humor Proteomics in Glaucoma

Proteomic analysis of aqueous humor has been done in primary open-angle
glaucoma and is suggested as a tool for diagnosis (Izzotti et al. 2010). The proteome
can reflect the metabolic changes in the surrounding tissue and therefore can give
clues on the pathogenic mechanisms in glaucoma.

TGF-B is known to be elevated in the aqueous humor in all types of glaucoma.
This can be secreted from one or more tissues surrounding the anterior segment,
including the ciliary epithelium, iris, lens epithelium, corneal endothelium, and
trabecular meshwork and it is also possible that the elevated levels of TGF-f in
glaucomatous TM tissues could be derived in part from the aqueous humor (Tovar-
Vidales et al. 2011).

The differentially expressed aqueous humor proteins in buphthalmic rabbits,
amodel for “developmental glaucoma,” revealed significant differential expres-
sion of several AH proteins in these rabbits based on LC-MS/MS platform
(Edward and Bouhenni 2011).

A proteomic analysis of the aqueous humor compositions of “POAG
patients” revealed that the protein composition in aqueous humor was signifi-
cantly different in POAG patients versus non-POAG patients. 2D followed by
LC/MS/MS analysis revealed increase in prostaglandins, caspase 14, trans-
thyretin, albumin, cystatin C, albumin, and transferrin (Duan et al. 2010).

Proteomic analysis of the pseudoexfoliation material similarly suggests that
extracellular matrix and stress response proteins are associated with “pseudoexfo-
liation glaucoma” (Lee 2008). Apart from aqueous humor and trabecular meshwork
cells, protein profiling at the level of tear has been done that revealed an inflamma-
tory tear protein profile present in “chronically medicated glaucomatous eyes” and
are different from that found in primary dry eye. This study describes the drug effect
on the treatment profile (Wong et al. 2011).

Gene expression patterns of trabecular meshwork and Schlemm’s canal were
shown to be similar to those of circulating leukocytes. The same study reported on
the extensive alterations in characteristic protein expression patterns of circulating
leukocytes for “normal-tension and primary open-angle glaucoma” (Golubnitschaja
et al. 2007; Zhao et al. 2004).

5.3.2.5 Aqueous Humor Metabolites in Glaucoma

Reactive oxygen species (ROS) play a fundamental role in the pathophysiology of
many diseases, including glaucoma. The iron-catalyzed formation of ROS is a
major player in these processes. Erdumus et al have reported decreased serum anti-
oxidants and increased serum superoxide dismutase (SOD) levels in patients with
POAG indicating that antioxidant system dysfunction may be involved in the etio-
pathogenesis (Erdurmus et al. 2011). Studies have found that hepcidin, a prohormone
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produced in the liver, is expressed in other eye tissues, such as in Muller cells,
photoreceptor cells, and retinal pigmented epithelium (RPE). It is increased in aque-
ous humor of POAG patients, with an expression pattern similar to that of ferropor-
tin (Sorkhabi et al. 2010). It is also widely accepted that mitochondria might play a
pivotal role in the pathophysiology of glaucoma (Kong et al. 2009). Low citrate has
been reported in the plasma of glaucoma patients (Fraenkl et al. 2011). Citrate is an
important molecule in the energy production cycle in mitochondria, and reduced
mitochondrial activity might also lead to a decreased citrate production resulting in
lower blood citrate levels. Oxidative DNA damage may induce human trabecular
meshwork degeneration, leading to increase IOP. Increased levels of 8-hydroxy
deoxyguanosine, (8-OHdG), an indicator of DNA damage, was seen in human tra-
becular meshwork specimens collected from patients with primary open-angle
glaucoma (POAG) (Sacca et al. 2005). Patients with PACG also had high 8-OHdG
concentrations (Chang et al. 2011). Apart from oxidative stress and DNA damage,
aqueous amino acids levels are also reportedly altered. Individual amino acids,
namely, threonine, serine, asparagine, glutamine, methionine, tyrosine, phenylala-
nine, histidine, tryptophan, and arginine, were reported to be higher in aqueous of
glaucomas than in the cataract patients (Hannappel et al. 1985). Plasma levels of
homocysteine were also increased in pseudoexfoliative glaucoma (PXG) patients
and POAG patients (Turgut et al. 2010). Higher levels of hydroxyproline reported in
aqueous indicative of increased collagen turnover is reported in pseudoexfoliation
syndrome (PXF) in syndrome (Yagci et al. 2007).

5.4 Biochemistry of Sclera

The sclera is the white, fibrous, opaque protective external tunic of the eye rich in
elastin and collagen fibers. It extends from the anterior to posterior chambers, i.e.,
limbus (corneoscleral junction) to the cribriform plate (optic nerve head). The type I
collagen irregularity contributes to the opaqueness of the sclera (Keeley et al. 1984).
The layers of sclera are episclera, stroma, lamina fusca, and endothelium. The sclera
is continuous with the dura mater and cornea. It contributes to the maximal connective
tissue layer of the eye, providing resistance against the internal and external stresses
and acts as a support harboring extraocular muscular insertions. A healthy sclera
appears normal and white, while one with inflammation has the scleral blood vessels
engorged. While the episclera is vasculairsed, the scleral stroma is avascular receiving
the nutrients from the episcleral and he underlying choroidal vasculatures. The sclera
is richly supplied with nerves. The posterior ciliary nerves enters the sclera near the
optic nerve.

The metabolic requirement of the sclera is low and has low turnover of the colla-
gen. Scleral matrix is made up of scaffold of protein fibrils, collagen and elastin, and
interfibrillar proteoglycans and glycoproteins, which surround a diffuse population
of cells. The human sclera contains predominantly collagen which is about 50-75 %
depending upon the different techniques done for estimating (Keeley et al. 1984).
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The Tenon’s capsule fibroblasts synthesize the collagen (Gross 1999). These
include the different types of collagen such as I, II ,V, and VI with type I fol-
lowed by type III as the predominant ones, and are restricted to the outermost
sclera (Heathcote 1994). The collagen fibrils of the sclera range from 25 to
300 nm as observed by electron microscopy (Komai and Ushiki 1991). There are
thinner fibrils in the lamina cribrosa, trabecular meshwork, and corneoscleral
angle (Albon et al. 1995). This is attributed to adaptation and the required elas-
ticity (Parry and Craig 1984). Type XII is associated with type I fibrils in human
sclera as a different isoform (Anderson et al. 2000). The elastin component of the
sclera aids as additional supporting system for the collagen network. Elastin con-
tains amino acids like alanine, valine, isoleucine, and leucine. It contains little
hydroxyproline and hydroxylysine unlike collagen. It contains cross-links,
namely, desmosine and isodesmosine. The elastin fibers are abundant in the inner
stromal region near the extraocular muscles. There are four times more elastin in
the lamina cribrosa and peripapillary sclera compared to the equatorial region
(Quigley et al. 1991). The sclera matrix consists of proteoglycans. The main pro-
teoglycans mostly belong to small leucine-rich repeat family members, namely,
Decorin and Biglycan (Friedman et al. 2000). Decorin has been found to play an
important role in development and wound healing, and reduced synthesis is
found and seen in the development of myopia (Rada et al. 2000). Lumican found
in the sclera by immunohistochemical studies is involved in regulating collagen
fibrillogenesis and has been linked with high myopia in humans. Lumican defi-
ciency causes scleral anomalies (Austin et al. 2002). Recent studies have revealed
the presence of perlecan, agrin, prolargin, versican, aggregan, mimecan, and
fibromodulin in scleral layers as revealed by immunofluoresence staining
(Keenan, et al. 2012). These studies reveal that electron dense filaments of the
decorin distribute along the collagen fibrils with a periodic pattern (Kimura et al.
1995). The C-terminal region of collagen type I binds to decorin and is also asso-
ciated with type VI collagen (Keene et al. 1987).

Sclera exhibits low cellularity compared to most vascularized tissues, and the
only cell is the scleral fibrocyte. Sclerocytes can undergo rapid transformation into
active fibroblasts following insult like trauma, surgery, postoperative scarring and
topical application of drugs, and neoplasia to the sclera. Histiocytes, blast cells,
granulocytes, lymphocytes, and plasma cells can also be seen in the sclera occasion-
ally. In inflammatory stimulus, these cells enter from blood vessels of the choroid
and episclera and arrive to the site of insult. Scleral cells respond to growth factors
like platelet-derived growth factor (PDGF), transforming growth factor, fibroblast
growth factor, thymocyte-derived growth factors, IL-1 and interferon gamma.

Scleritis is a chronic ocular inflammatory condition of the sclera. Scleritis is
marked with redness in the sclera that is diffuse or localized in a pie-shaped area.
The etiology of this condition varies from idiopathic, confined to the eye to systemic
autoimmune diseases and in rare cases due to infection or drug reaction as well as
due to a tumor or surgical complications. Infectious scleritis can be primary or sec-
ondary to keratitis or endophthalmitis. Surgery, trauma, and the use of corticoste-
roids are considered as major predisposing factors (Ramenaden and Raiji 2013;
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Smith et al. 2007). With non-necrotizing scleritis, there is no much threat to vision
unless there is presence of uveitis or keratitis. In case of necrotizing scleritis, much
visible necrosis of sclera can be viewed along with the exposure of the underlying
uvea, which is more often coupled with rheumatoid arthritis or systemic vasculitis
(Smith et al. 2007; Sainz de la Maza and Foster 1994). Watson and Hayray (Watson
and Hayreh 1976) defined five distinct classifications of scleritis, namely:

(a) Anterior scleritis which involves inflammation in the anterior sclera that can be
diffused or nodular or can be non-inflammatory necrotizing scleritis

(b) Scleromalacia perforans: Inflammatory necrosis of anterior sclera

(c) Posterior scleritis: Inflammation of posterior sclera

(d) Sclerokeratitis: Inflammation of sclera that occurs in association with cornea

(e) Episcleritis: Inflammation of sclera and conjunctiva

5.4.1 Molecular Derangement in Uveitis

Uveitis phenotypes can differ significantly, and most types of uveitis are believed to
be polygenic with complex inheritance patterns. In uveitis there is a strong association
of HLA-B27 with acute anterior uveitis and HLA-A29 with birdshot chorioretinopa-
thy (Martin et al. 2003). The genomic analysis of serum, aqueous, and vitreous of
Fuchs uveitis-affected patients showed the presence of rubella virus-specific antibody
and its gene, speculating the probable involvement of the virus in chronic inflamma-
tion of this disease (Cimino et al. 2013). Studies suggest that uveitis shares some of its
pathogenic mechanisms associated with other autoimmune diseases and conclude the
“common gene, common pathway”” hypothesis for autoimmune disorders (Mattapallil
et al. 2008). The study involving rat model of experimental autoimmune uveitis (EAU)
recognized three quantitative trait loci (QTL) linked with EAU on rat chromosomes 4,
12, and 10 (Eaul, Eau2, and EAU2) (Pennesi and Caspi 2002). Using microsatellite
markers of resistant and susceptible MHC class II-matched rat strains, new possible
QTLs on rat chromosomes 2, 3, 7, 10, and 19 (Eau4-Eau9) were identified that direct
susceptibility to uveitis. Also a protective allele was identified in the uveitis-suscepti-
ble rat strain in the Eau5 locus at D7Wox 18, and epistatic interactions between QTLs
influenced the severity. These identified regions were found to colocalize with the
genetic determinants of other autoimmune disease models and to the syntenic regions
recognized on human chromosomes 4q21-31, 5q31-33, 16q22-24, 17p11-q12,20q11-
13, and 22q12-13, from patients suffering from autoimmune disorders.

Autoimmune uveitis encompassing inflammatory triggers occurs with relapse.
The mechanism of the reaction and the molecular agents eliciting relapse has
remained unexplored. To understand this, studies have used the only spontane-
ously occurring uveitis model equine recurrent uveitis (ERU), for proteomics and
molecular analysis, since it very closely resembles the human autoimmune uveitis.
In autoimmune uveitis, autoreactive T cells cross the blood-retinal barrier and dam-
age the inner eye tissues. Studies have identified CRALBP (cellular retinaldehyde-
binding protein) as a novel antigen (Deeg et al. 2006). Anti-CRALBP antibody was
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significantly elevated in the sera of affected individuals (Deeg et al. 2007¢). Malate
dehydrogenase, IRBP (iron-responsive element binding protein), the highly antigenic
S-antigen (aka S-arrestin) and recoverin are the other identified proteins (Deeg et al.
2007b, 2008). Increase in VEGF and lowered PEDF (pigment epithelium-derived
factor) with blood-retinal barrier breakdown aid autoreactive T cell infiltration (Deeg
et al. 2007a). Increased incidences of IgG4 hc, IgM, alpha-2HS-glycoprotein, sero-
transferrin, and complement factor B, with decreased levels of IgG5 hc, apolipo-
protein A-IV, apolipoprotein H, and high-molecular-weight kininogen, are reported
(Zipplies et al. 2010). Based on immunohistochemistry analysis, increase in the
complement activation products B/Ba, B/Bb, Bb neoantigen, iC3b, and C3d with no
difference in C5b-9 levels is reported. Macrophage involvement in the inflammatory
process of autoimmune uveitis is reported (Zipplies et al. 2010). Additionally dif-
ferential expression of several cellular proteins such as MMPs and TIMP-2 (matrix
metalloproteinase and their inhibitors) and potassium ion channels and decreased
osteopontin and fibronectin have been reported (Deeg et al. 2011; Eberhardt et al.
2012; Hofmaier et al. 2011; Zayas-Santiago et al. 2014).

5.5 Biochemistry of the Vitreous, Retina and Retinal
Pigment Epithelium

5.5.1 The Vitreous

The vitreous humor occupies a large portion of the eye posteriorly: behind the lens
and in front of the retina. It is a clear jelly-like substance that fills the eye and gives a
shape. The vitreous is divided into three compartments, namely, vitreous base, central
vitreous, and cortical vitreous. Concentration and arrangement of collagens differ in
all the three layers. The concentration of collagen is about 300 ug/ml and it is highly
insoluble. It contains predominantly type II collagen with lower amounts of type IX,
type V/XI collagen (de Smet et al. 2013). Collagen is arranged from anterior to pos-
terior direction with denser arrangement of collagen fibers in the vitreous base and
cortical vitreous, while the central part has very thin collagen fibrils. The vitreous
base covers the dorsal side of the lens, and ends at the region of ora serrata, where the
neurosensory retina begins. The cortical vitreous begins at the retina and maintains
the strong attachment through inner limiting lamina (ILL). Collagen fibers run paral-
lel to the ILL and acts like strong glue over the retina, to spread over the RPE. The less
dense central vitreous makes the bulk of vitreous zone with the collagen fibers run-
ning from anterior to posterior direction from anterior to posterior part (Bishop 2000;
Le Goff and Bishop 2008). Hence, this arrangement of collagen fibers making a con-
tact over the inner surface acts like a substratum for lens ciliary body and retina. It also
acts as a shock absorber.

The vitreous is composed of 98-99 % water with collagen gel fibril and in
between with a network of very long molecules of hyaluron (HA) which render the
viscoelastic property to the vitreous (Swann 1987). The viscoelastic property of the
vitreous is required for protecting the retina from shock. The hyaluronic acid and
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collagen interaction gives transparency and hydration and the spacing arrangements
decrease light scattering in the vitreous (Bishop 2000).

The vitreous contains heterotypic collagen fibril formed by the co-assembly of
type II, IX, V, and XI collagen. Among the total collagen content of the vitreous,
type II constitutes (60-75 %), type IX (25 %), type V, VI, and XI collagen constitut-
ing minor quantities. These collagenase core is bound with HA attracts the counter
ions and water and swells the vitreous. It also space the collagen fibers apart from
clumping and makes the vitreous a transparent medium for the passage of light.
Chondroitin sulfate is also found in the vitreous, decorating type XI collagen. There
are also few noncollagenous proteins present in the vitreous, namely, albumin, trans-
ferrin, lactoferrin which can be seen in gel electrophoresis (Nguyen and Fife 1986).

The glycosaminoglycan present in the vitreous is hyaluronic acid with a molecu-
lar weight of 3000 kDa. The HA-collagen interaction comes from the electron
microscopic observation of vitreous. These interactions are found to occur through
chondroitin sulfate chains and collagen fibrils (Theocharis et al. 2008). Concentration
of HA in the human vitreous is between 65 and 400 ug/ml (Balzas 1984).

There are a few cells in the vitreous called as hyalocytes which are more towards
the peripheral part of the vitreous. They are star-shaped stellate cells with oval
nuclei measuring 10—15 um (Sommer et al. 2009) and are considered as specialized
form of macrophages. They are known to synthesize extracellular matrix and regu-
late vitreous immunology in inflammation. The hyalocytes play a major role as
antigen-presenting cells (Sakamoto and Ishibashi 2011). In vitro the hyalocytes can
be cultured, and they response to inflammatory molecules by secreting urokinase-
type plasminogen activator and vascular endothelial growth factor (Hata et al.
2008). Hyalocytes are present in epiretinal membrane and contribute to the inflam-
matory mechanism (Joshi et al. 2013).

Formation of Vitreous Humor

Separation of neural and surface ectoderm at 3rd to 4th week of gestation forms the
vitreous cavity and it is filled with collagenous-like material. Mesodermal cells
enter into this vitreous cavity, forms hyaloid vessels, and it is branched throughout
the vitreous cavity. Fibroblast and phagocyte cells from the outer most layer of this
vessel latter differentiate into hyalocytes. A cellular-material-like collagen formed
after 6th week of gestation. Hyaloid vessels regress as the fetus develops and are not
seen in adults (Jack 1972; Linsenmayer et al. 1982).

Vitreal Proteomics

The vitreous is a stagnant structure unlike aqueous which is continuously produced
and drained. The vitreous is having close interaction with the various cells of the
eyes such as the retinal layers and RPE and therefore is a repository of molecules
from the tissues around. Skeie et al. showed that the protein prolife of vitreous dif-
fers in the substructures and also showed the presence of various intracellular pro-
teins like Glial fibrilary acidic protein (GFAP, from glial cells), Rhodopsin (from
Rods), RPE-specific protein RPE-65. This group also reported the presence of
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complement proteins and damage-associated molecular patterns (DAMPs) in the
healthy human cadaver vitreous, and these molecules amplify inflammation in
response to the changes in the vitreal milieu during disease conditions (Skeie et al.
2015). Hence, knowing the vitreous proteome helps in understating the disease pro-
cess, such as in diabetic retinopathy (DR), age-related macular degeneration
(ARMD), and other vitreo-retinal pathologies.

Vitreal proteomics have revealed the presence of proteins involved in WNT,
MAPK signaling pathway, metalloproteases metabolism, and transporters. Since
most of these proteins have appeared full length (Skeie et al. 2015; Murthy et al.
2014), it is suggested that the vitreous might be stagnant without synthesis and
drainage. Vitreous profile of patients with diabetic macular edema (DME) showed
that plasma kallikrein-kinin system is a contributing factor for disease pathogenesis
(Kita et al. 2015). It showed upregulated hemopexin and downregulated clusterin,
transerythrin, and crystalline-S in DME compared to diabetic retinopathy (DR)
(Herndndez et al. 2013). Vitreous proteome also reflected the difference in the
expression of proteins in DR that includes angiopoietin-related protein 6, apolipo-
protein A-I, estrogen receptor alpha, angiotensinogen, complement C3, comple-
ment factor I, prothrombin, alpha-1-antitrypsin, and antithrombin III. Decreased
levels of proteins like calsyntenin-1, interphotoreceptor retinoid-binding protein,
and neuroserpin were also revealed (Kim et al. 2007; Gao et al. 2008; Merchant and
Klein 2009; Wang et al. 2013).

Vitreous Metabolome

Metabolomic analysis revels that vitreal cortex is rich in lactate, glutamine, and
creatine. The metabolome profile shows characteristics of anaerobic glycolysis in
the retina, conversion of glutamate to glutamine to prevent excitotoxicty, ROS scav-
enging, and ATP restoration. The vitreous base is rich especially in ascorbate, beta-
ine, and alanine. Ascorbate helps to maintain oxygen gradient and maintains low
oxygenation at ciliary body and lens. Betaine helps in osmoregulation. Core area of
the vitreous is rich in acetate and glucose. Glucose concentration of the vitreous is
similar to the serum concentration, and hence, it goes up during hyperglycemic
episode. Glucose is utilized to produce energy, and it diffuses to the cortex where it
can be metabolized more rapidly (Locci et al. 2014).

Vitreous metabolite profile also differs during pathological conditions. Barba et
al. reported on the elevated level of acetate in the cases of DR due to type 1 diabetes
(Barba et al. 2010). Vitreous concentration of oxaloacetate, glucose, and urea are
more in the lens-induced uveitis than chronic uveitis, thus showing that metabolite
profile helps to identify subtype of diseases (Young et al. 2009). It is also helpful in
forensic science to identify the time and cause of death such as in intoxication,
dehydration, and hyperglycemia (Palmiere and Mangin 2012; Madea 2013; Costa et
al. 2014).

As aging occurs, the vitreous liquefies and aggregates. Liquefaction of vitreous
or synchisis begins at middle age and slowly progresses towards late age.
Aggregation of vitreous is called syneresis which is due to the conformation change
of HA-collagen interaction (Johnson 2010, 2013). Liquefaction occurs in the central
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vitreous due to over production of free radicals which affects the glycosaminogly-
cans and chondroitin sulfate concentration (Kamei and Totani 1982).

5.5.2 The Retina

The retina is a highly complex structure where several types of cells communicate
through countless molecules for visual information. The most central part of the
macula is fovea, a central 0.35 mm wide depression, and represents the retinal region
of greatest visual acuity. The central 500 mm of the fovea contains no retinal capil-
laries (foveal avascular zone), making the fovea dependent on blood supply from the
choriocapillaris. The extreme retinal periphery is thin enough to be supplied by dif-
fusion from the choroidal circulation, while the rest has retinal circulation.

The blood-retinal barrier (BRB) is composed of both inner and outer barrier. The
outer blood-retinal barrier consists of the choriocapillary basement membrane,
Bruch’s membrane, and the intercellular junctions of the retinal pigment epithelium
(RPE), to regulate the movement of solutes and nutrients from the choroid to the
subretinal space. In contrast, the inner BRB, similar to the blood-brain barrier
(BBB) is located in the inner retinal microvasculature and comprises the microvas-
cular endothelium which lines these vessels. The tight junctions located between
these cells mediate highly selective diffusion of molecules from the blood to the
retina, and the barrier is essential in maintaining retinal homeostasis (Campbell and
Humphries 2012). The retina comprises six neuronal cell types and one glial cell
type that are derived from a common progenitor cell. Each type of cell plays a
unique role in the retina. These include photoreceptor cells (rods and cones), hori-
zontal cells, bipolar cells, amacrine cells, interplexiform cells, and ganglion cells.

Photoreceptors cells are specialized cells classified into rods and cones based on
their structure. They are composed of photosensitive membrane at distal end, a large
synaptic terminal end, and cell organelles in the central region. The rods are slender,
cylindrical structures that fill the subretinal spaces between their larger cone neighbors
and stretch into the pigment epithelium cells of the retina. The differentiation of cells
into rods is mediated by retinoic acid, sonic hedgehog, and activin (Levine et al. 1997,
Ebrey and Koutalos 2001). The rod’s outer segments contain the light-sensitive pig-
ment rhodopsin, a vitamin A derivative (11-cis-retinal) coupled to a protein (opsin),
which resides within the membrane of disks that are stacked on top of one another
within the rod’s outer segment. The outer and inner segments of photoreceptors are
surrounded by processes of the RPE cells which provide a number of supportive
functions, including the regeneration of bleached photo pigment and the uptake and
degradation of disks which are periodically shed by rods and cones into the subreti-
nal space. The proximal ends of the photoreceptors contain the synaptic machinery
which releases glutamate, an excitatory chemical neurotransmitter which interacts
with glutamate receptors found in the second-order neurons, the bipolar cells, and
the horizontal cells. The photoreceptors and bipolar cells in the retina exhibit “ribbon
synapse,” wherein there is continuous release of the neurotransmitter, glutamate (tonic
release) modulated only by the graded changes in the membrane potential, unlike
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the action-potential-driven bursts of release, as seen in conventional synapse. The
photoreceptor cells and the bipolar cells exhibit syntaxin 3 expression that regulates
synaptic vesicle fusion reaction, calcium sensitivity, and transmitter release (Morgans
2000). Rods are most sensitive and function for vision under scotopic conditions (in
low light), and cones are responsible for vision under photopic conditions (in bright
light) and underlie the visual acuity and color vision. This signal from photoreceptor
is then transferred to retinal neurons residing within the inner nuclear layer (INL).
Bipolar cells transmit this signal radially from the outer retina to the ganglion cell
layer (GCL). The Miiller glial cells extend across the entire thickness of the retina.
Visual information then converges upon the dendrites of the ganglion cell types, which
is transmitted to the nerve fiber layer (NFL) collected at the optic nerve head. This in
turn is transmitted through the optic nerve to the brain (Poche and Reese 2009).

The horizontal cells are the interneurons and together with amacrine cells lie
within the inner nuclear layer (Poche and Reese 2009). There are 13 types of bipolar
cells that add details to the information delivered to the brain originated from the
photoreceptors. Fine details like contrast and composition of colors are encoded by
these cells (Euler et al. 2014). They are classified into two types: metabotropic (ON)
or ionotropic (OFF) receptor, based on their response to glutamate released by the
photoreceptors. With light, the photoreceptor hyperpolarizes and releases less glu-
tamate that leads to the depolarization of the ON bipolar cells, while OFF bipolar
cells respond by hyperpolarizing (Ayoub and Copenhagen 1991).

Amacrine cells are interneurons in the inner nuclear layer and are the second
synaptic retinal layer that influences retinal signal processing (Santiago Ramén y
Cajal 1892). There are about 40 different types of amacrine cells, classified based
on their receptive field, their localization in the inner plexiform layer (IPL), and by
neurotransmitter type. Most are inhibitory using either gamma-aminobutyric acid
(GABA) or glycine as neurotransmitters. Functionally they are involved in the com-
plex process of retinal image, specifically adjusting image brightness and in detect-
ing motion (Balasubramanian and Gan 2014). Many functions of amacrine cells are
not well understood. But the feed-forward inhibition onto the ganglion cells forms
the prominent action of amacrine cells (Trenholm and Awatramani 2015).

Ganglion cells are neurons located near the inner surface of the retina and are the
final output neurons of the vertebrate retina. They vary in size and respond to visual
stimulation. Ganglion cells collect visual information from bipolar cells and ama-
crine cells and transmit it to the brain. Based on their projections and functions,
there are at five main classes, namely, Parasol (Magnocellular, or M pathway);
Midget (Parvocellular, or P pathway); Bistratified (Koniocellular, or K pathway);
photosensitive ganglion cells (melanopsin ganglion cells); and superior colliculus
for eye movements (saccades) (Sanes and Masland 2015).

The retina has the glial cells, namely, the Muller cells, microglia, and astroglial
cells. The Muller cells are the major glial cells, located in the inner nuclear layer and
extend from the internal limiting membrane to the bases of the rods and cones,
where they form junctional complexes called the outer limiting membrane. They are
involved in the metabolic regulation of the retina apart from giving structural sup-
port and are involved in the transcellular movement of ions, water, and bicarbonate.
Muller cells de-differentiate to neuronal (astrocytes) progenitor cells during injury
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that helps in the regeneration of photoreceptors (Reichenbach and Bringmann
2013). Microglia are phagocytic cells in the retina required for neuronal homeosta-
sis and innate immune defense. The immunological potential of microglia is com-
parable with blood monocytes and macrophages (Pena-Altamira et al. 2015).

The final common pathway for expressing retinal processing is the ganglion cell,
whose axon goes to the brain. A variety of ganglion cell types are present in each
retina and vary according to the size of the dendritic tree and soma, the sublamina-
tion pattern within the inner plexiform layer (IPL), and the complexity of dendritic
branching. The dendrites of ganglion cells receive synaptic inputs from bipolar and
amacrine cells. Their synaptic currents converge onto the cell body. The impulse-
generating site for each ganglion cell is probably located within the initial segment
region of the axon (Moore and O’Brien 2015).

The Biochemistry of Retinal Functions in Vision

The outer segments of the rods and cones contain a region filled with membrane-
bound disks, which contain proteins bound to the chromophore 11-cis-retinal. In rod
cells, the protein which binds the chromophore retinal is opsin, and the bound com-
plex of 11-cis-retinal plus opsin is known as rhodopsin, or visual purple. 11-cis-
retinal has a maximum absorbance in the ultraviolet part of the spectrum, but the
maximum absorbance for rhodopsin is 500 nm. The chromophore undergoes isom-
erization to all-trans-retinal. As the protein changes its conformation, it initiates a
cascade of biochemical reactions that result in the closing of Na* channels in the cell
membrane. When the Na* channels are closed, a large potential difference builds up
across the plasma membrane. This potential difference is passed on to adjoining
nerve cell as an electrical impulse at the synaptic terminal. The nerve cell carries this
impulse to the brain, where the visual information is interpreted. Light absorption
by rhodopsin leads to closure of the channels and hyperpolarization (Ryan 2006).

Synapse is the point of connection between the end foot of one neuron and the
membrane of another. Synapses are classified into two types, namely, chemical and
electrical synapses. Chemical synapses are seen in mammals, whereas electrical
synapses are found in the brains of invertebrates. In chemical synapse, the nerve
impulse at the end foot of an axon triggers the release of a chemical agent called
neuromodulator substance. Neurotransmitters are defined as a neuroactive com-
pound released from the nerve. These compounds produce rapid changes in the cell
which results in hyper- or depolarization of postsynaptic membranes (Hoon et al.
2014). Glycine is an important neurotransmitter in the processing of auditive infor-
mation through cochlear nuclei, the superior oliva complex, and the inferior collicu-
lus (Zafra et al. 1997), and in the processing of visual information in retinal ganglion
cells. Glycinergic synaptic transmission is detected in Golgi cells of the cerebellum
(Dieudonne 1995). The glycine-mediated neurotransmission plays an important
role in storage of the transmitter in synaptic vesicles and neuron depolarization.
Functional glycinergic transmission appears early in brain development, and activa-
tion of glycine and gamma-aminobutyric acid (GABA) receptors depolarizes neu-
rons during the last prenatal period and early postnatal days (Cherubini et al. 1991;
Flint et al. 1998; Aragon and Lopez-Corcuera 2003).
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Glutamic acid is one of the proteinogenic amino acids. It is a nonessential amino
acid and has a side chain carboxylic acid functional group. The carboxylate anions
and salts of glutamic acid are known as glutamates. Glutamate is the most abundant
excitatory neurotransmitter in the nervous system and it plays a key role in long-
term potentiation. The continuous “tonic” release of glutamate is sustained by the
active calcium channels. The cone photoreceptor shows that there is segregation of
the calcium influx (voltage-gated calcium channels) and efflux (plasma membrane
calcium ATPase) sites. While there is continuous influx of calcium into photorecep-
tor terminals in darkness, calcium extrusion is balanced by the influx through the
channels (Morgans 2000).

The neuromodulator dopamine is found in one or more types of amacrine cell in
the mammalian retina. It is characteristic of large cell body and a dense plexus of
dendrites in stratum S1 of the inner plexiform layer. Holes or “rings” in the plexus
of criss-crossing stained dendrites are sites of amacrine cell bodies or large ama-
crine dendrites. Different types of dopamine have been reported. Type 1 dopamine
cell (A18) is known to synapse upon the AIl rod amacrine cell and upon A8 and
A17 cells. It also provides ascending processes to the outer plexiform layer which
are known to synapse on the GABAergic interplexiform cell (Kolb et al. 1991).
Glutamate and dopamine colocalize to the A18 cell type (type 1 CA cell), and sero-
tonin has also been found to coexist in the same amacrine cells in cat retina (Wassle
and Chun 1988). The dopamine type 1 cell exhibits glutamate, GABA, and hista-
mine H1 receptors (Frazao et al. 2011).

A second type of dopamine amacrine cell has also been described in primate
(Mariani and Hokoc 1988) (Crooks and Kolb 1992), in rabbit and mouse retinas.
The type 2 CA cell has dendrites stratifying in stratum 3 of the IPL. It can be
revealed in transgenetic mouse retina labeled with green fluorescent protein (GFP)
(Contini et al. 2010). Both D1 and D2 receptor types have been found on neurons of
the inner and outer retina in many vertebrates. It is thought that both D1 and D2
receptors are coupled by gap junctions, because of dopamine’s known action in
cyclic AMP regulation of gap junction channels. Thus, D1 receptors have been
demonstrated in association with horizontal cells of the OPL and amacrine and
ganglion cells of the inner retina. D2 receptors are also found in the inner retina but
mostly are associated with photoreceptors in the outer nuclear layer, outer limiting
membrane, and retinal pigment epithelium. D1 and D2 receptors are robust on gan-
glion cell bodies, despite the fact that the dopamine amacrine cell is not known to
make direct synapses upon ganglion cells. However, several ganglion cell types are
connected to amacrine cells via gap junctions and the dopamine effect is probably
via diffusion of dopamine from DA cells to the site partners of electrical coupling
acting through both D1 and D2 receptors. The best known effect of dopamine on
gap junctions is that upon AII to AIl amacrine cell gap junctions and Al to cone
bipolar gap junctions. Dopamine particularly affects the former homologous gap
junctions, while the gas transmitter, nitric oxide, affects the heterologous gap junc-
tion involving the ON cone bipolar gap junction (Massey and Miller 1988).

Acetylcholine (ACh) is found in a mirror symmetric pair of amacrine cells in the
vertebrate retina. It is reported that ACh starburst amacrine cells colocalize GABA
(Vaney and Young 1988). Starburst amacrine cells are excitatory with ACh release
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early in development of the retina, and this release is necessary for the development
of retinal waves.

Serotonin is one of the neurotransmitters and is reported to exist in two types in
the rabbit retina. One of these is A17 cell or the reciprocal amacrine cell of the rod
system in the rabbit. Serotonin coexists with GABA in the A17 cell and the latter is
thought to be the releasable transmitter (Schutte and Weiler 1987). A few cold-
blooded vertebrates have a bistratified amacrine cell and a bipolar cell type that
participates in the off mechanism of retinal processing through seratonin (Hurd and
Eldred 1993). Adenosine purine nucleotide is a neuromodulator in the mammalian
retina. Immunocytochemistry studies reported that the presence of adenosine in the
amacrine and ganglion cell layers (Blazynski and Perez 1991). It colocalizes with
GABA, acetylcholine, and serotonin.

Substance P (SP) is a neuropeptide belonging to the tachykinin family that
includes neurokinin A, neuropeptide K, and neurokinin B. It is reported as a neu-
rotransmitter in the vertebrate retina (Kolb et al. 1995). In the human retina, they
appear as large-field cells with large cell bodies lying in normal or displaced posi-
tions on either side of the IPL.

Lipids in Retina

Unesterified (free) cholesterol is predominantly found in brain (14 mg/g wet
weight), while other organs contains 2-3 mg/g, including retina, which is the part
of central nervous system (Dietschy and Turley 2004; Bjorkhem 2006; Bretillon
et al. 2007). Fliesler and Schroepfer reported that cholesterol accounts for at least
98 % of the total sterols of whole retina and >99 % of the total sterols of rod outer
segment (ROS) membranes (Fliesler and Schroepfer 1982). Staining for HMG-
CoA reductase showed that Miiller cells, rod inner segments, and RPE cells can
synthesis cholesterol de novo (Rodwell et al. 1976). However, compared to the
major cholesterogenic tissues (i.e., liver and intestine), the rate of cholesterol syn-
thesis in the mature brain and retina is relatively slow (Fliesler et al. 1993; Keller
et al. 2004). Cholesterol appears to be broadly distributed in all layers of the neural
retina (Bretillon et al. 2008), although the inner plexiform layer is found to be
relatively enriched in cholesterol compared with the outer segment layer (Francis
1955; Curcio et al. 2005). A high-cholesterol environment, such as that present in
the basal disks, has been found to reduce the efficiency of the phototransduction
cascade by hindering activation of rhodopsin and impairing the cyclic nucleotide
phosphodiesterase activity that hydrolyzes cGMP (Albert and Boesze-Battaglia
2005). The retina can take up circulating LDL-borne cholesterol, in contrast to the
exclusion by the brain. Using labeled LDL particles, it was shown that LDL can
cross Bruch’s membrane and reach the RPE (Gordiyenko et al. 2004). LDL-R (LDL
receptor) has been localized to the endothelial cells of the choriocapillaris, photo-
receptor inner segments, retinal ganglion cells, and Miiller cells (Tserentsoodol et
al. 2006b). Low-density lipoprotein receptor (LRP-1) has been identified in retinal
ganglion cells (Shi et al. 2008) that helps in the uptake of cholesterol.



5 The Biochemistry of the Eye 129

5.5.2.1 The Retinal Pigment Epithelium

The retinal pigment epithelium (RPE) is a monolayer of highly specialized pig-
mented cells lying as a single sheet of hexagonally arranged cuboidal cells on
Bruch’s membrane sandwiched between the neural retina and the choriocapillaris. It
is derived embryologically from the same neural tube tissue that forms the sensory
retina. The RPE cells are highly polarized where the apical membrane interdigi-
tates the outer segment of photoreceptors in the subretinal space and the basolateral
membrane appends on the multilayered Bruch’s membrane (Fig. 5.4). RPE has no
photoreceptive functions or neural functions, but it is necessary for the support and
viability of the photoreceptors. Moreover, RPE is indispensable for the development
of the retina and secretes growth factors necessary for the survival and differentia-
tion of the photoreceptor (Stiemke et al. 1994; Adamis et al. 1993). In addition, RPE
executes assortment of functions such as the absorption of scattered light, phagocy-
tosis of photoreceptor outer segments, transportation of nutrients, retinoid recycling,
protection against reactive oxygen species, and more importantly the blood-retinal
barrier to preserve the photosensitive retinal cells. Consequently, there are many
inherited retinal degeneration conditions linked to RPE-specific gene dysfunction
and similarly some mutations in the photoreceptors which could affect the RPE
survival. Human adult eye has approximately 3.5 million RPE cells (Bok 1993).
Anterior to the ora serrata, the RPE continues as the ciliary pigment epithelium.
The apical surface of the RPE interfaces with the outer segments of the photorecep-
tors, while the basal domain is attached firmly to the underlying Bruch’s membrane
(BM). The brown color of the RPE is imparted by its melanin granules. The high-
est concentration of pigment is found in the peripheral retina and the lowest in the
macula area (Weiter et al. 1986). The retina and the RPE are separated by a potential
space called the subretinal space. The retina is not firmly attached to the pigment
epithelium except at the optic disk and ora serrata; attachments in other places are
weak and can be easily disrupted. The apical side has numerous long microvilli
(3—7 wm in length), which interdigitate with the rods and cones of the retina and
partially envelope them. These interdigitations along with the extracellular matrix
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and neural cell adhesion molecule (N-CAM) expressed by the RPE on the apical
side allow some degree of adhesion between retina and RPE (Fig. 5.4).

Apical Basal Arrangement of RPE

The RPE cells are joined near the apical side by tight junctions (zonula occludens),
which form a part of the blood-retinal barrier. The apical cytoplasm contains micro-
filaments and microtubules and also the greatest concentration of melanin granules.
The basal infoldings are 1 um, and they help in the attachment of RPE to BM of
choroid by expression of integrins. The small convoluted infoldings also increase
the surface area for absorption and secretion. Laterally the RPE has specialized
junctions called the tight junctions — zona occludens (ZO-1) — and adherent junc-
tions cadherins, connexin, and desmosomes.

The apical surfaces of RPE cells face the photoreceptors and contain both long
and short microvilli. The apical surface of the RPE and the rod and cone outer seg-
ments are coated with an extracellular matrix called interphotoreceptor matrix
(IPM) (Marmor 1988). The IPM also serves as a medium for the exchange of metab-
olites between the outer segments of the photoreceptors and the RPE (Clark and
Hall 1986). Due to the lack of tight attachment beneath the neural retina and the
RPE, the neural retina becomes detached from the RPE under certain conditions.
Detachment simultaneously disrupts the photoreceptors and RPE and can eventu-
ally lead to the loss of vision (Zayit-Soudry et al. 2007). The apical membrane of the
RPE is rich in Na*/K*-ATPase which, together with other ionic transport mecha-
nisms, moves water out of the subretinal space. The apical location of the Na*/K*-
ATPase along with the epithelium of the choroid plexus is a unique feature among
epithelia, as this pump is normally located basally. The removal of subretinal fluid
by the RPE is thought to provide the major motive force for adhesion of the neural
retina to the RPE (Clark and Hall 1986; Marshall 1987). As part of the photorecep-
tor renewal process, the apical processes of the RPE continually phagocytize the
distal portions of the outer segments of rods and cones (Clark and Hall 1986;
Marshall 1987). The basal plasma membrane of the RPE cell has numerous infold-
ings and lies on a basement membrane which is secreted by the RPE (Clark and Hall
1986) itself. These infoldings are very useful for facilitating ion movement in trans-
porting epithelia such as the RPE, as they increase the surface area of the cell. The
basal surface of the RPE express integrins a3p1, a6f1, and a5p3 and mediate attach-
ment to the basement membrane (BM), a fibroelastic layer which separates the pho-
toreceptor- RPE unit from its blood supply derived from the choriocapillaris (Clark
and Hall 1986). BM is permeable to small molecules and some macromolecules and
is thought to contribute to the blood-retinal barrier (Pino and Essner 1981).

The basal and lateral membranes are usually referred as a single functional unit,
called as basolateral. The lateral domain of the adjacent RPE cells is connected by
apical zonula occludens, i.e., tight junctions, and zonula adherens, i.e., adherens
junction (Fine 1961). These junctions seal off the subretinal space where the
exchange of macromolecules with the choriocapillaris takes place. The zonula
occludens between adjacent RPE cells form a “tight” intercellular junction due to
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interaction between the extracellular domains of adjacent occluding molecules
leading to high transepithelial resistance and an intact blood-retinal barrier. Tight
junctions are also responsible for the sequestration of molecules into the apical and
basal plasma membrane domains. The cytoplasmic domain of occludin interacts
with other proteins including ZO-1 and ZO-2 to form complex and interacts with
the actin cytoskeleton for various signal transduction pathways.

The adherens junctions play a role in maintenance of the polygonal shape of the
RPE and the organization of the cytoskeleton actin (Sandig and Kalnins 1988). Gap
junctions are also present in the basolateral membrane called connexins which are
important for the exchange of ions and metabolites between cells. Basal membrane
also expresses integrins and show focal adhesion points with the extracellular matrix
(Docherty et al. 1984).

5.5.2.2 Functions of RPE
The Antioxidant Activity of the Melanin Pigment

The RPE has numerous and varied functions. RPE is the first tissue to become pig-
mented (melanin) (Dorey et al. 1990), and hence it is named as pigmented epithelial
cells. The ellipsoidal melanin granules called melanosomes are one of the most
conspicuous cytoplasmic components in RPE (Feeney-Burns et al. 1984). Within
the adult RPE cell, the melanin granules are located in the apical portion of the cell,
adjacent to the rod outer segment. Melanin granules function to reduce light scatter-
ing. By absorbing radiant energy (visible and ultraviolet spectrum) and dissipates it
as heat. In addition melanin can bind redox-active metal ions and sequester them in
an inactive state, thus preventing oxidative damage to the retina by these potential
photosensitizing agents (Sarna 1992). The absorption of light by melanin acts as an
effective antioxidant to protect the RPE cells and regulate their metabolic activity;
in fact, RPE cells high in melanin content exhibit significantly less formation of
lipofuscin than cells low or devoid of in melanin (Nilsson et al. 2003). In case of an
intense oxidative insult, structural or functional changes in RPE melanin may lead
to loss of antioxidant capacity (Sarna 1992). Tyrosinase, a copper-containing
enzyme, catalyzes the oxidation of tyrosine to melanin. The RPE is capable of syn-
thesizing tyrosinase and producing melanosomes. In contrast to the epidermal mela-
nosomes, the melanosomes of the RPE remain within the cell and are not transferred
to other cells. Within the eye, the melanin concentration of RPE cells decreases
between the periphery and posterior pole and increases in the macular region (Weiter
et al. 1986). With age, melanin content decreases in the RPE cells, and melanin
granules become more uniformly distributed within the cytoplasm.

The human RPE is normally well protected against oxidative damage. Pigment
granules, however, are known to undergo an age-related change. Granules become
increasingly complex with ageing, due to fusion of melanin with lipofuscin, form-
ing, melanolipofuscin. In the aging RPE, oxidative changes in melanin generate
reactive oxygen species upon excitation with blue light.
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Phagocytosis of the Shed Rod Outer Segment

One of the critical functions of the RPE is to phagocytose and degrade the rod outer
segment (ROS) which is shed diurnally from the distal end of the photoreceptors.
Two specific mechanisms for RPE phagocytosis are proposed, a slow, nonspecific
process and a rapid receptor-mediated uptake of shed ROS. The receptor-mediated
uptake is a multistep process which involves recognition-attachment, internaliza-
tion, and degradation (Stossel 1974). Receptor ligand binding interaction between
shed ROS and RPE microvilli is the first step of the phagocytic process (Bok 1993).
Several studies have reported that a5f5 integrin is a functional ROS receptor
(Finnemann and Rodriguez-Boulan 1999). Others studies suggest that it is mediated
by the receptor tyrosine kinase, c-met, and its ligand GAS-6 (Hall et al. 2001).
Binding of the ROS is followed by invagination of plasma membrane around the
outer segment fragment, leading to its ingestion into a phagosome. An actin net-
work forms at the site of attachment that extend into pseudopods which surround
and engulf the fragments to form the phagosome which are transported basally
(Rakoczy et al. 1994). After this, the phagosomes fuse with the lysosomes and are
degraded. The lysosomal enzymes hydrolyze the sequestered outer segments into
small molecules that diffuse out of the RPE and are reused within the cell. Cathepsin
D is the most important enzyme that degrades rhodopsin, the major glycosylated
protein present in the outer segment; another enzyme is cysteine protease cathepsin
S (Rakoczy et al. 1994).

With age and pathological changes in human eye, deficient degradation of the
outer segment material within the phagolysosomes may lead to the formation of
lipofuscin granules (Feeney-Burns et al. 1984; Tate et al. 1995).

Blood-Retinal Barrier, Transport, and Ionic Pumps

The blood-retinal barrier (BRB) is formed by the endothelial cells of retinal blood
vessels (inner blood-retinal barrier) and the retinal pigment epithelial cells (outer
blood-retinal barrier). The multilayered neural retina is separated by the subretinal
space from the retinal pigment epithelium (RPE) monolayer, which separates the
outer surface of the neural retina from the choroid. Under physiologic conditions,
the retina is firmly attached to the RPE. Because of their specialized functions, the
RPE cells have unique morphologic and functional polarity properties. Only
selected nutrients are exchanged between the choroid and retina; the transcellular
and paracellular passage of other molecules across the RPE is restricted. One fea-
ture of RPE cells is the predominant apical localization of Na*/K*-ATPase, which
regulates intracellular Na* and K* homeostasis (Quinn and Miller 1992).
Anatomically the outer blood-retinal barrier is formed by the RPE, which con-
trols the exchange of fluid and molecules between the fenestrated choriocapillaris
and the outer retina. Two major components of RPE barrier function are the tight
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junctions between the RPE cells and the polarized distribution of RPE membrane
proteins (Anderson and Van Itallie 1995). Since tight junction inhibits intercellular
diffusion, molecular exchanges predominantly occur across the RPE cells them-
selves. Nevertheless, tight junctions are dynamic structures, and their permeability
can be modified by specific physiological conditions as well as by certain pharma-
cological agents (Balda et al. 1991). Furthermore diffusible factors secreted from
the neural retina, or RPE-derived growth factors (such as hepatocyte growth factor),
may be involved in the regulation of the structure and function of RPE tight junc-
tions (Balda et al. 1991; Cereijido et al. 1993). The regulation of transepithelial
transport is dependent on the asymmetric distribution of cellular proteins (Drubin
and Nelson 1996). This polarity of the epithelial cells changes upon interaction
with the environment. In RPE the Na*/K*-ATPase is localized at the apical cell
membrane, and cytoskeletal proteins like ankyrin and fodrin known to be associ-
ated with the ATPase are localized apically, whereas in most other epithelial cells
they are localized basolaterally (Gundersen et al. 1991). RPE cells have receptors in
their basal and lateral membranes for nutrient that arrive through the choriocapillar-
ies that must be transported toward the outer retina, such as retinol and its binding
protein. Human RPE expresses the protons coupled monocarboxylate transporters
(MCT1 and MCT3). MCT1 is seen in the apical membrane, while MCT3 in the
basolateral membrane. The coordinated activities of these two transporters facilitate
the flux of lactate and from the retina to the choroid (Robey et al. 1992).

P-glycoprotein is another protein that contributes to the normal transport func-
tion of RPE cells. The protein is expressed in cultured and native human RPE cells
on the apical and basolateral membrane surface (Kennedy and Mangini 2002). The
basolateral expression of P-glycoprotein serves to clear the unwanted metabolites
from the subretinal space, thus serving a protective function to the neural retina.
There is evidence that apical P-glycoprotein can mediate ATP efflux, function as a
lipid translocase, modulate volume-sensitive chloride ion efflux and steroid secre-
tion, transport retinoids (Kennedy and Mangini 2002).

The movement of water and catabolites from the retina toward the choriocapil-
laries is important for the nutrition of the retina, for maintenance of ocular pressure,
and possibly for maintenance of retinal attachment to the RPE (Miller et al. 1982).
In conjunction with passive forces, active transport of solutes across the RPE con-
tributes to the movement of water out of the eye. The apical surface of the RPE cells
also shows specialized molecular mechanisms for these functions. Aquaporin 1 is a
hexahelical integral membrane protein that functions as a constitutive channel for
water transport expressed in human fetal and adult RPE where it facilitates water
movement across the RPE monolayer (Stamer et al. 2003).

Fluid movement from the retina to the choroids is not blocked by ouabain (Miller
et al. 1982), a Na*/K*-ATPase inhibitor, suggesting that this enzyme is not involved
in the removal of water from the subretinal space. The regulation of pH across the
pigment epithelium is thought to involve three apical and two basolateral transport-
ers that provide pathways for the transport of Na* and HCO;~ Breakdown of the
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blood-retinal barrier has serious consequences for the health of the eye and is pres-
ent in many types of retinopathies (Gariano et al. 1996).

The Visual Cycle

The visual cycle regenerates the chromophore of the rod and cone opsins through a
series of metabolic reactions for light absorption in the photoreceptors (Wald 1935).
11-cis Retinal undergoes conformational changes upon absorption of a photon and
modified to all-trans retinal which is then deposited into the lumen of the rod outer
segment disk. The ATP-binding cassette family protein, ABCA4 (a flippase), pref-
erentially binds the N-retinyldiene-phosphatidylethanolamine form of all-trans reti-
nal and transports it to the cytoplasmic side of the disks (Sun and Nathans 1997;
Sun et al. 1999; Ahn et al. 2000; Molday et al. 2000; Beharry et al. 2004). The
retinol dehydrogenases present in the cytoplasm of the rod outer segment reduce
the all-trans retinal to all-trans retinol (Rattner et al. 2000) and trafficked to the
microvilli of RPE by interphotoreceptor retinol-binding protein (IRBP) (Bridges
et al. 1984). Further, the cellular retinol-binding protein (CRBP) carries the all-
trans retinol to the endoplasmic reticulum where the retinoid cycle enzymes are
present. The lecithin-retinol acyltransferase (LRAT) esterifies the all-trans retinol
to all-trans retinyl esters (Kawaguchi et al. 2007), which is further hydrolyzed and
isomerized by retinal pigment epithelial-specific protein 65 kDa (RPE65) to form
11-cis retinol (Redmond et al. 2005; Jin et al. 2005a, b). Finally, the cellular retinal-
dehyde-binding protein (CRALBP) aids the specific retinaldehyde dehydrogenase
5 (RDHY) in the oxidation of 11-cis retinol to form 11-cis retinal, the end product
of the retinoid cycle (Saari and Bredberg 1982). Eventually, IRBP binds the 11-cis
retinal and transports it to the photoreceptors for the regeneration of photoactive
rhodopsin. In case of dark to light adaptation, a sudden surge of 11-cis retinal is
required to meet the higher turnover rate. There are distinct pools of 11-cis retinal
present, for instance, in the rod outer segment or in the subretinal space apart from
the visual cycle which can compensate the demand (Strauss 2005). Thus, RPE plays
an indispensable role in the visual cycle of rods. In contrast to the rod visual cycle,
cone opsins recycle through Muller glial cells and probably partly using the RPE
as well (Wang et al. 2008). However, the mechanism of cone visual cycle is largely
unknown.

The function of chaperone RPE6S5 is very crucial for the visual cycle. Many clini-
cal and experimental data strongly suggested the role of RPE6S in the retinol isom-
erization cycle (Iseli et al. 2002; Katz and Redmond 2001; Gu et al. 1997). Apart
from that, the most critical function of RPE6S5 is acclimatizing the visual cycle for
dark and light adaptation (Xue et al. 2004). There are two forms of RPE65, the
membrane-bound RPE65 (mRPE65) which is a chaperone for all-trans-retinyl
esters and the soluble form (sSRPE65) which is a chaperone for vitamin A. The
sRPE65 is not palmitoylated, whereas mRPE is triply palmitoylated. When the
visual cycle is not very active, mRPEG65 is converted into SRPE65 by LRAT which
inhibits further synthesis of chromophore. Thus, the palmitoylation switch of
RPEG65, regulates the visual cycle (Xue et al. 2004).
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Secretion of Growth Factors and Cytokines

RPE are known to secrete a wide variety of growth factors and cytokines under
physiological and pathological conditions. While many studies have been per-
formed delineating the regulation and effect of these factors on cultured cells in
disease states, little is known about their role in the resting RPE monolayer. Secreted
cytokines and growth factors in the monolayer may act in an autocrine or paracrine
fashion on the cell of origin or adjacent RPE, or they may have paracrine effects on
adjacent photoreceptors or choroidal cells. Chemokines and inflammatory cyto-
kines are secreted in significant amounts only after RPE activation. RPE monolayer
reveals expression of TGF-f2, bFGF, aFGF, FGF-5, HGF, and PDGF-A as well as
their corresponding receptors. Local production of TGF-f by the RPE monolayer
could have multiple effects including maintenance of an anti-inflammatory state,
inhibition of cellular proliferation, and stimulation of phagocytosis. FGFs typically
enhance RPE cell proliferation and migration, but in the monolayer, bFGF may be
acting as a survival-promoting factor for RPE cells (Jin et al. 2005a, b). Vascular
endothelial growth factor (VEGF) and its receptors are expressed by RPE; however,
expression of VEGF in the resting monolayer appears to be low, while it is increased
during altered conditions of vitreoretinal pathologies (Blaaugeers et al. 1999; Coral
et al. 2013).

5.5.2.3 Retinal Pigment Epithelium in Pathology

Once differentiated, the RPE does not renew itself by cell division; it continues to
carry out its versatile functions throughout the lifetime of the individual unless such
processes are lost due to disease. Because of the diverse functions of the RPE and
its importance in retinal integrity, any alterations in the normal functioning of the
RPE may result in either visual impairment or blindness. Alterations in RPE func-
tion may occur either as a result of diseases which specifically affect the RPE, such
as age-related macular degeneration and central serous retinopathy (CSR) (Wang et
al. 2008), or due to secondary changes resulting from retinal diseases such as retini-
tis pigmentosa (RP) (Sahel et al. 2010) and proliferative vitreoretinopathy (Tosi et
al. 2014) and proliferative diabetic retinopathy (PDR) (Heng et al. 2013; Kaviarasan
et al. 2015).
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Chapter 6
Drugs Acting Through Autonomic System
for Ocular Use

Nabanita Halder, Rohit Saxena, Swati Phuljhele,
and Thirumurthy Velpandian

Abstract Autonomic nervous system plays a pivotal role in controlling ocular
functions starting from aperture and focus control to the production of aqueous
humour. It also controls the intrinsic functions and blood supply to various ocular
tissues through cholinergic and adrenergic receptors. Cholinergic and adrenergic
agonists and antagonists are major class of drugs used in diagnostic and therapeutic
purposes in ophthalmology. This chapter is an attempt to review the autonomic
nervous system innervations to the ocular structures, their role in carrying out physi-
ological functions of eye and drugs acting through this system as diagnostic, pallia-
tive and curative strategies in various ophthalmic conditions.

6.1 Introduction

The structure of autonomic nervous system was morphologically explained by
Galen in AD 130-200. He described the presence of a “sixth cranial nerve” which
is currently known as ninth (glossopharyngeal) along with tenth (vagus) and elev-
enth (accessory nerves) and the sympathetic chain as well. He also exhibited the
presence of superior and inferior cervical ganglion, the semilunar ganglion, and the
rami communicantes which can be found in Traite des nerfs of Tissot in 1778
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Fig. 6.1 Autonomic and trigeminal ocular projections in the eye (Adapted with permission from
McDougal and Gamlin (2015))

(Ackerknecht 1974). However, the therapeutic and diagnostic application of drugs
through autonomic nervous system came to ophthalmology in the early nineteenth
century (refer to the Chap. 1).

Ocular functions are highly influenced by the autonomic nervous system.
Functionally, they control the muscle responsible for pupillary diameter of the
iris (aperture control), muscles responsible for lens curvature (focus control),
and production of aqueous humor. Apart from this it also controls the blood sup-
ply to the iris, ciliary body, retina, choroid, and optic nerve. Trigeminal and auto-
nomic projections controlling ocular functions are shown in Fig. 6.1. The eye
receives its parasympathetic innervations through postganglionic ciliary gan-
glion and sympathetic innervations through superior cervical ganglion. Apart
from this local, intrinsic control has been achieved by trigeminal sensory fibers
at many regions of the eye and neurons within ciliary and pterygopalatine gan-
glia at many regions of the eye. The cornea is innervated by the sensory fibers of
the trigeminal nerve which is capable of stimulating lacrimation by the intercon-
nections with the lacrimal gland through pterygopalatine ganglia. Presence of
endothelial alpha- and beta-receptors in the cornea has been shown to modulate
the corneal thickness by their respective agonists (Nielsen and Nielsen 1985).
Extensive information regarding autonomic control of the eye can be read by the
excellent review of McDougal and Gamlin (2015) and Kardon (2005). Presence
of cholinergic and adrenergic receptors in various parts of the eye and their func-
tional significance are shown in Table 6.1.
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Table 6.1 Presence and function of autonomic receptors in the structures of the eye

Sympathetic Para-sympathetic
Structure receptors Response receptors Response
Iris-radial muscle | al Mydriasis - -
Iris-spincter - - M3 & M2 Miosis
muscle
Ciliary muscle B Relaxation M3 & M2 Contraction
(far vision) (near vision)
Ciliary epithelium | a2 Decrease M1 & M2 Unknown
production of
aqueous humor
B2 Production of
aqueous humor
Lacrimal glands ol Secretion (+) M3 & M2 Secretion (3+)
Corneal B2 Epithelial wound | M2, M4 & M5 Unknown
epithelium healing
al Cl-transport
Corneal p2 Corneal hydration | M2, M4 & M5 Unknown
endothelium
Trabecular p2 Decreased M3 Increased
meshwork resistance resistance
Retina and choroid | Vascular control M1-M5
(blood vessels)
Conjunctiva M3 Goblet cell
secretion
Retinal pigmented | Al & B2 H,O transport -
epithelium

6.2 Autonomic Control on the Pupil

Iris circular and radial muscles are innervated by postganglionic parasympathetic
and sympathetic nerves respectively. Upon the activation of sympathetic nerves, nor-
epinephrine is released from the postganglionic nerve ending, causing radial mus-
cles of the iris to get contracted, causing mydriasis, whereas parasympathetic
activation releases acetylcholine (ACh) from postganglionic nerve terminals causing
miosis. The mechanism of them causing mydriasis and miosis are shown in Fig. 6.2.
The dynamic equilibrium between both of the nervous systems determines pupillary
diameter based upon the amount of light reaching the retina. The normal human eye
can dilate the pupil from 1.5 to 8 mm in diameter and this change is expected to
modulate the depth of focus, optical aberration, retinal illumination, and diffraction.
Coordinated performance of the iris aperture along with focal length adjustment
rendered by ciliary muscles by autonomic control is required for the optimum per-
formance of visual system at different conditions. When the dynamic equilibrium
exists between the sympathetic and parasympathetic system, pharmacological agents
are used to achieve mydriasis or miosis by stimulating the appropriate autonomic
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Fig. 6.2 Showing the effect of adrenergic (sympathetic) and cholinergic (parasympathetic) stimu-
lation on pupillary diameter causing mydriasis and miosis respectively

receptors. Phenylephrine is an alpha-1 agonist capable of stimulating the contraction
of iris radial muscle and cause mydriasis but atropine which is a muscarinic blocker
is capable of removing the influence of cholinergic stimuli-induced contraction on
iris circular muscle (sphincter muscle), thereby causing the domination of existing
tone of sympathetic system leading to mydriasis. Dapiprazole is a selective a(1)-
adrenoreceptor antagonist approved to reverse the mydriasis induced by atropine.

Similarly, miosis can be induced by the stimulation circular muscles of the iris
(sphincter muscle) using cholinomimetic-like pilocarpine or cholinesterase inhibitors
and a(1)-adrenoreceptor blocker dapiprazole. Dapiprazole causes miosis by remov-
ing the action of sympathetic tone on radial muscles of the iris, leading to the shift of
equilibrium to cholinergic tone (Bartlett and Classe 1992).

Apart from the presence of acetylcholine (neurotransmitter of cholinergic nerves)
and norepinephrine (neurotransmitter of sympathetic nerves), other neurotransmit-
ters and neuropeptides such as VIP, neuropeptide Y, nitric oxide synthase (for nitric
oxide), and ATP were identified in the postganglionic neurons; they are not exploited
so far by any pharmacological means for diagnostic or therapeutic potential.
However, they are reported to be involved in the intrinsic pathways in controlling
blood supply, aqueous humor dynamics, and other functions (Neuhuber and Schrodl
2011). The list of adrenergic and cholinergic receptors identified in various ocular
structures and their functional importance are shown in Table 6.1. Apart from the
classical autonomic pathway, morphine is known to stimulate parasympathetic
pathway through the Edinger-Westphal nucleus, causing miosis in the iris.

Anisocoria is a condition commonly manifested by the unequal sizes of pupils.
This could vary from simple to life-threatening conditions. Pupillary inequality is
usually identified by their reaction in both dim and bright illuminations before ini-
tiating further clinical proceedings. Once the dysfunctioning of pupils is confirmed,
differential diagnostic procedure is opted in neuro-ophthalmology in defining the
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underlying condition. It is aided by a handful of drugs like pilocarpine, hydroxyl-
amphetamine, cocaine, phenylephrine, and morphine.

6.3 Autonomic Control Over Accommodation

Accommodation in the eye is primarily due to the strong influence of the parasym-
pathetic system. The lens in the anterior segment is enclosed in a lens capsule and
suspended by the specialized fibers called zonules from the ciliary body. Ciliary
muscles are clarified into outer longitudinal, middle radial, and inner circular layers.
In normal conditions influence of the parasympathetic system makes the ciliary
circular muscles to contract, causing zonules to relax and thereby causing the lens
to become convex and move a little toward the anterior segment. This action fixes
the lens toward for near vision, called accommodation. When the radial muscle is
pulled by sympathetic stimulation, stretched zonules cause reduction in curvature,
leading to the lens adjustment for far vision. Antimuscarinic drugs like atropine
abolish the effect of accommodation, causing the lens to fix for far vision. One of
the mechanisms put forward for sympathomimetic agents is that their action on cili-
ary radial muscle puts traction on scleral spur, causing a decreased resistance in
trabecular meshwork in reducing intraocular pressure.

6.4 Autonomic Control Over Lacrimal Secretion

Contribution of lacrimal gland secretion plays an important role in the formation of
precorneal tear fluid. Parasympathetic innervation through M3 receptors plays a major
role in the lacrimation and it is modulated by the sympathetic system. The lacrimal
gland is reported to have transcellular CI- secretion in the acinus which involves CI~-
selective channels in the apical plasma membrane (Mircheff 1989). Muscarnic agonist
carbachol increases transepithelial Cl~ fluxes that attribute to lacrimal fluid production
(Selvam et al. 2013). Interestingly, some degree of cross-talk between purinergicP2
receptors and M3 and o1 D-adrenergic receptors are reported to influence tear secretion
(Murakami et al. 2000). Purinergic receptor subtypes are known to play divergent physi-
ological functions in various structures like in corneal wound repair, modulating tra-
becular remodeling, visual processing in the retina, etc. (Sanderson et al. 2014).
Pilocarpine is known to stimulate lacrimation through muscarinic receptors of the lacri-
mal gland and atropine is known to block lacrimal secretion and causes dry eye.
Antihistaminics are known to have antimuscarinic side effects which are mediated
through M3 receptor responsible for glandular secretion. Therefore, the lacrimal,
P2Y(2), receptor subtype gains pharmacological importance due to its involvement in
sharing the tear secretion pathway like carbachol. Topical instillation of P2Y(2) receptor
agonist (diquafosol) has been reported to increase in net CI-, fluid transport, and glyco-
protein release onto the ocular surface (Fujihara et al. 2001; Mundasad et al. 2001).
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6.5 Autonomic Control Over Aqueous Humor Production
and IOP Control

In the anterior segment of the eye, aqueous humor produced by the ciliary processes
is secreted into the posterior chamber and it reaches into anterior chamber through
the pupil. From the anterior chamber, majority of the aqueous humor (80-95 %)
drains into the canal of Schlemm to the episcleral venular plexus and finally it drains
into systemic circulation. Apart from this route, it also routes through unconven-
tional uveoscleral pathway. The rate of production of aqueous humor and its disap-
pearance through drainage pathways together determines intraocular pressure and
finally development of glaucoma. Production of aqueous humor comes under the
influence of the sympathetic system through beta-receptors which is regulated by
presynaptic a2 receptors (autoreceptors) in the sympathetic nerve endings. The
classical regulation of intraocular pressure is achieved by blocking B2 adrenergic
receptors or by stimulating presynaptic a2 receptors. Apart from this mechanism,
directly or indirectly acting sympathomimetics widen the trabecular meshwork by
creating a traction in the scleral spur through ciliary muscles. Epinephrine has also
been reported to increase uveoscleral flow, which is likely through stimulating beta-
2-adrenergic receptors (Almand Nilsson 2009).

The sympathetic system supplies to tissues of eyes through its various receptors
and thus may produce diverse effects depending on the receptor activated. It sup-
plies the pupil dilator muscle and brings about mydriasis through al receptor. It also
produces the contraction of Muller’s muscle through the same receptors. The sym-
pathetic system has dual effect on aqueous production wherein it enhances the aque-
ous humor formation through B2 receptors while inhibiting formation through a2
receptors. It also relaxes the ciliary body muscle through its 32 receptors. The para-
sympathetic ocular effects are produced through muscarinic receptors. This includes
supply to the sphincter papillac muscle, causing miosis and contraction of the cili-
ary body muscle, leading to accommodation and enhanced drainage of aqueous
humor.

6.6 Autonomic Control Over Blood Circulation
and Neuroprotection

Alpha-2 adrenergic agonists, in addition to their pressure-lowering effects in the eye,
may act directly upon retinal neurons, including retinal ganglion cells. Alpha-2A
expression was identified in the human retina, on ganglion cells, and cells in the inner
and outer nuclear layers (Kalapesi et al. 2005), whereas only a few clinical studies so
far showed any benefit of neuroprotection in glaucoma (Evans et al. 2003; Sena and
Lindsley 2013). Presence and involvement of B-adrenergic system in angiogenic pro-
cesses has been implicated in infantile hemangiomas, retinopathy of prematurity, and
cancer (Filippi et al. 2015). As the neurotransmitters of the autonomic nervous system
such as acetylcholine and norepinephrine are vasoactive substances, therefore, pres-
ence of adrenergic and cholinergic receptors at the cornea, iris, ciliary body, retina,
and choroid is expected to play a significant role on their vascular tone and cellular
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homeostasis (Mori et al. 2010; Toda et al. 1996; Casini et al. 2014). However, the
current knowledge available is not enough to speculate the pharmacological utiliza-
tion of these receptors in various ophthalmic conditions.

6.7 Drugs Acting Through Sympathetic Nervous System

Adrenergic agonists and antagonists are the major class of drugs which have been
extensively used in ophthalmology. Norepinephrine, epinephrine, and dopamine are
the three major adrenergic neurotransmitters of the sympathetic division of the auto-
nomic nervous system. These amines work by activating adrenergic receptors,
namely, alpha- and beta-receptors, present in various tissues of the eye which are
primarily innervated by postganglionic sympathetic nerves. The distribution of
these receptors is mentioned in Table 6.1.

Adrenergic agonists can be classified into directly acting, indirectly acting, and
mixed-acting agents. Drugs such as epinephrine which can directly stimulate the
receptors by binding to one or more receptors are known as directly acting. Drugs
which can increase the release of responsible neurotransmitter from presynaptic
vesicles to augment the effect of the sympathetic innervations are known as indi-
rectly acting such as cocaine. Drugs which can perform both the actions of direct
and indirect activation are known as mixed acting (Fig. 6.1).

The eye has both alpha- and beta-adrenergic receptors. Adrenergic receptors are
present in corneal epithelium, endothelium, iris radial and sphincter muscles, tra-
becular meshwork, ciliary epithelium, ciliary muscles, lacrimal gland, and retinal
pigment epithelium (Table 6.1). The adrenergic system plays a vital role in main-
taining the tonicity of this part for the physiological processes of the eye through
constriction and dilation. Thus, this system has been a subject for manipulation for
various diagnostic, palliative, and curative strategies in ophthalmic conditions.

6.7.1 Directly Acting Sympathomimetics

6.7.1.1 Epinephrine (Alpha 1 Agonist)
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The first hormone ever isolated was epinephrine, which was an iron complex and

marketed in 1900 by Farbwerke Hoechst as Suprarenin (Sneader 2001). Epinephrine
was also known as adrenaline which is a nonselective but potent stimulant of both
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alpha- and beta-receptors (al, a2, o3, f1, and p2). Epinephrine is chiefly secreted
through the medulla of the adrenal gland and in the synapses of nerve cells, where
it acts as a neurotransmitter (Fig. 6.5a).

Mechanism of Action and Therapeutic Use

Epinephrine binds to alpha- and beta-receptors present in ciliary bodies and the iris.
It causes vasoconstriction of the ciliary vessels, resulting in decreased production of
aqueous humor through ciliary bodies. It also reduces the aqueous production by
ciliary epithelium and facilitates the outflow through trabecular meshwork. This
finally reduces the intraocular pressure in the eye. It also causes constriction of the
radial muscle of the iris, resulting in miosis. Due to this property and site of action,
epinephrine is extensively used in glaucoma and in iritis patients. It is also used
before ophthalmic surgery to avoid synechiae.

Dosage

Epinephrine comes in 0.1, 0.5, 1 and 2 % ophthalmic solution for the topical instil-
lation in glaucoma patients. It is recommended to use as a single drop (0.5 or 1 %)
1-2 times daily.

Side Effects

Burning, allergy, reactive hyperemia, headache, and deposition of black oxidation
products in the conjunctiva and cornea are the common side effects of topically
instilled epinephrine. Angle-closure glaucoma can be induced in the persons who
anatomically has narrow iridocorneal angle. A study by Ballin et al. in 1966 reported
that the topical ocular use of epinephrine has been shown to be correlated with an
increased frequency of cardiac extrasystoles; thus it has to be used cautiously in
patients with history of heart disease, hyperthyroidism, or abnormal sensitivity to
the systemic effects of epinephrine.

6.7.1.2 Dipivefrin
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Dipivefrin is an ester analogue and is a prodrug of epinephrine which is formed by
the diesterification of pivalic acid and epinephrine. The addition of pivaloyl groups
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to the epinephrine molecule makes it more lipophilic and hence increases the per-
meability of this molecule into the anterior chamber of the eye once instilled topi-
cally. This drug is widely used to treat open angle glaucoma.

Mechanism of Action and Therapeutic Use

Due to its high lipophilicity, it penetrates into the cornea and there it is hydro-
lyzed by the esterases to convert into its active constituent of epinephrine. The
mechanism of action of dipivefrin is as similar as the parent drug epinephrine.
It acts by stimulating a- and/or f2-adrenergic receptors, leading to a decrease in
aqueous production and an increase of outflow facility. In comparison to its
native molecule epinephrine, dipivefrin is having better penetration, ocular tol-
erance, and longer-lasting effect. Due to this property, dipivefrin is usually pre-
ferred over epinephrine.

Dosage
Dipivefrin is commercially available as 0.1 % ophthalmic solution recommended for
once a day use in glaucoma patients, as it is a longer-acting adrenergic receptor agonist.

Side Effects
Side effects include photosensitivity, conjunctival hyperemia, burning, allergy, and
hypersensitivity. Caution has to be taken with patients showing hypersensitivity to
epinephrine.

6.7.1.3 Phenylephrine

HO N\

Phenylephrine is a sympathomimetic amine that selectively acts predominantly on
alpha-one adrenergic receptors. It is a noncatecholamine and it differs from epi-
nephrine chemically only in lacking hydroxyl group at position 4 on the benzene
ring. It activates beta-receptors as well but only at high concentration. So its vaso-
constrictor effect is mediated generally through activation of alpha-receptors.

Mechanism of Action and Therapeutic Use

Phenylephrine binds and activates alpha-1 receptors present at the radial muscles of
the iris. Activation of alpha-1 receptors at the radial muscles causes radial muscle
contraction, resulting in dilation of the pupil (mydriasis). Phenylephrine is a com-
monly used mydriatic instilled before the examination of the retina.
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Dosage

Phenylephrine is used as topical mydriatic ophthalmic solution in the concentration
of 0.12, 2.5, and 10 %. This is usually used in conjunction with the tropicamide for
the fastest mydriatic effect.

Side Effects

Side effects include hyperemia, burning, allergy, photosensitivity, and hypersensi-
tivity. As it is a potent vasoconstrictor, systemic absorption can cause rise in blood
pressure; hence care should be taken with hypertensive patients.

6.7.2 Mixed-Acting Sympathomimetics

6.7.2.1 Ephedrine

CHj

Ephedrine is a mixed-acting sympathomimetic drug which has affinity toward both
alpha- and beta-adrenergic receptors. Structurally it is similar to epinephrine, but
chemically, ephedrine is an alkaloid which is found in various plants in the genus
Ephedra. It mainly enhances the activity of norepinephrine at presynaptic synapses
and on adrenergic receptors.

Mechanism of Action and Therapeutic Use
Ephedrine acts on adrenergic receptor alpha and beta postsynaptically by increasing
the presynaptic activity of norepinephrine at the presynapses. It causes mydriasis by
increasing vasoconstriction effect of norepinephrine on the alpha-receptor present
at the iris radial muscle. Study reported that ephedrine is less effective in causing
mydriasis in colored individuals than the whites (Obianwu and Rand 1965). It has
been speculated by Angenent and Koetle (1953) that the poor mydriatic action of
the compound in deeply pigmented human iris may lack enough norepinephrine as
the precursor of this neurotransmitter, i.e., dopamine may be diverted to form mela-
nin in the dark iris.

Ephedrine is primarily used as mydriatic for ophthalmic use. Since better options
are available, this is not commonly used now.
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Side Effects
Tachyphylaxis is the common phenomenon for the ephedrine use.

6.7.3 Indirectly Acting Sympathomimetics

6.7.3.1 Hydroxyamphetamine
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Hydroxyamphetamine is an indirectly acting sympathomimetic drug which is a
major metabolite of amphetamine. It is produced after hydroxylation of amphet-
amine through the CYP2D6 member of cytochrome P450 superfamily.

Mechanism of Action and Therapeutic Use

It acts by decreasing the serotonin and monoamine oxidase metabolism. Inhibition
of monoamine oxidases prevents the metabolism of catecholamine in the presynap-
tic terminal, thus indirectly increasing the amount of norepinephrine at the synaptic
cleft. This further antagonizes the action of adrenergic receptors. Adrenergic recep-
tors are present widely in iridial and ciliary bodies. Application of hydroxyamphet-
amine topically causes mydriasis by increasing the catecholamine at the presynaptic
cleft. As this drug does not stimulate the effector cells directly, it has some very
important application at diagnosing Horner’s syndrome (oculosympathetic palsy or
OSP) in ophthalmic condition. By 1971, hydroxyamphetamine was commercially
available in the market for distinguishing between postganglionic and preganglionic
or central causes of OSP. Location of lesion in Horner’s disease is diagnosed by
instilling the drug topically to induce mydriasis. If the lesion is present pregangli-
onically, then the mydriasis would happen, as postganglionically neurons are intact
to release the norepinephrine, whereas postganglionic neuron lesion results in less
or no norepinephrine being released, and mydriasis will be incomplete or absent in
response to topical hydroxyamphetamine (Smit 2010).

Dosage

Hydroxyamphetamine is commercially available as 1 % ophthalmic solution alone
and with conjunction with 0.25 % tropicamide. This ophthalmic preparation is
extensively used by the ophthalmologist for the diagnosis and localization of
Horner’s syndrome.

Side Effects
The common side effects after instillation include change in color vision, dry mouth,
headache, increased sensitivity to light, and burning and stinging sensation in the eye.
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6.7.3.2 Cocaine
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Cocaine is produced from the leaves of the coca plant (Erythroxylum coca). It is an
ester of benzoic acid and methylecgonine. It is one of the directly acting sympatho-
mimetics used often for mydriasis and local anesthetic effect.

Mechanism of Action and Therapeutic Use

Cocaine inhibits the reuptake of the neurotransmitter, namely, norepinephrine,
dopamine, and serotonin, at postganglionic sympathetic nerve endings. Accumulation
of neurotransmitter at the synaptic cleft stimulates the adrenergic receptors. When
given topically in the eye, radial muscle of the pupil contracts and causes mydriasis.
Cocaine is used from a long time for the diagnosis of anisocoria produced by
Horner’s syndrome. Sympathetic innervation disturbance anywhere will result in
less or no neurotransmitter release at the synaptic cleft, and cocaine in that case
would not be able to produce mydriasis, which is a confirmation tool for the aniso-
coria that resulted from Horner’s syndrome (Smit 2010). Besides this action, cocaine
also inhibits the nerve impulses; thus it is also used as local anesthetic.

Dosage

Cocaine is available in 1-4 % ophthalmic solution for the diagnosis of anisocoria
and for local anesthesia prior to ophthalmic surgeries such as lid surgery. Cocaine
2—-10 % has been the gold standard in the diagnosis of unilateral Horner’s syndrome
for more than 30 years (Smit 2010).

Side Effects

Although no evident side effects have been seen for topically applied cocaine oph-
thalmic solution, systemic absorption can cause nervousness, excitement, euphoria,
confusion, agitation, and restlessness.

6.7.4 Topical Vasoconstrictors (Imidazole Derivatives)

Imidazole derivatives which act as sympathomimetics are usually derived from
2-imidazoline (dihydroimidazoles) which is the isomer of the nitrogen-containing
heterocyclic derived from organic compound called imidazole. These imidazoline
derivatives are biologically active and have characteristic substituent of aryl or alkyl
group between the nitrogen centers. In ocular pharmacology, naphazoline, tetrahy-
drozoline, and oxymetazoline are being used as topical vasoconstrictors.
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6.7.4.1 Naphazoline
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Naphazoline is the derivative of imidazoline, is an alpha adrenergic stimulant, and
is used in ophthalmology as a topical vasoconstrictor.

Mechanism of Action and Therapeutic Use

Naphazoline is a sympathomimetic and it causes vasoconstriction by stimulating
alpha adrenergic receptors. When applied topically it causes vasoconstriction of the
arterioles of the conjunctiva and also produces mydriasis. Naphazoline is used for
reducing the conjunctival congestion due to its course of mechanism.

Dosage
Naphazoline is used as ophthalmic decongestant and available in 0.012-0.1 % oph-
thalmic solutions.

Side Effects

Common ocular side effects of naphazoline include mydriasis, photosensitivity,
conjunctival hyperemia, hypersensitivity, lacrimation, and increased intraocular
pressure.

6.7.4.2 Tetrahydrozoline
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Tetrahydrozoline is also one of the derivatives of imidazoline and is used as con-
junctival decongestant in ophthalmology.
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Mechanism of Action and Therapeutic Use

Tetrahydrozoline is a sympathomimetic alpha adrenergic agonist which causes
vasoconstriction. Tetrahydrozoline is also used as conjunctival decongestant like
other imidazoline derivatives. It reduces the congestion by vasoconstricting the arte-
rioles supplying to the conjunctiva.

Dosage

Tetrahydrozoline is available as 0.05 % solution for ophthalmic use for relieving the
conjunctival hyperemia. Some dry eye ophthalmic preparation also contains 0.05 %
of tetrahydrozoline. It is been advised to use 1-4 times a day according to the con-
gestion status of the conjunctiva.

Side Effects
Tetrahydrozoline has almost similar side effects as other imidazoline derivatives
such as burning, photosensitivity, hyperemia, and hypersensitivity.

6.7.4.3 Oxymetazoline
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It was developed by Fruhstorfer in 1961 from xylometazoline. Oxymetazoline is a
specific alpha-1 and partial alpha-2 agonist. Its specificity toward beta adrenergic
receptors is not known.

Mechanism of Action and Therapeutic Use

Oxymetazoline is a sympathomimetic which selectively agonizes alpha-1 receptors
and partially agonizes alpha-2 receptors. As vascular capillary beds are rich in
alpha-1 receptors, after topical instillation, it acts on endothelial postsynaptic adren-
ergic receptors and causes vasoconstriction.

Usage

Oxymetazoline is available in 0.025 % of ophthalmic solution which is prescribed
four times a day. As rebound hyperemia is one of the common side effects of this
drug, it is not advised to be used for more than 72 h.

Side Effects

Oxymetazoline can cause severe burning, stinging, pain, and eye irritation. As it is
specifically agonizes alpha-1 receptors in blood vessels, if absorbed systemically it
can cause high blood pressure and tachycardia.
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6.7.5 Alpha-2 Adrenergic Receptor Agonist

The a(2)-adrenergic receptors are predominantly present at the ciliary epithelium
where aqueous humor production takes place. Involvement of these receptors is
found to have an enormous importance in the treatment of ocular hypertension,
glaucoma, uveitis, strabismus, and several diagnostic purposes.

6.7.5.1 Brimonidine

Brimonidine is used as a tartrate salt and it is a selective a(2)-adrenergic receptor
agonist with potent vasoconstrictor activity. It is approved for the treatment of open-
angle closure glaucoma and ocular hypertension. It has been found to have a neuro-
protective role in the retinal ganglionic cells to prevent impairment of vision
(Vidal-Sanz et al. 2001).

Mechanism of Action

Brimonidine activates membrane-bound G-protein-coupled receptors to inhibit ade-
nylate cyclase which in turn reduces cAMP. Thus, it leads to constriction of smooth
muscle and blood vessels. The primary site of action is the ciliary epithelium where
brimonidine stimulates the receptor, in turn reducing the rate of aqueous humor
production at the ciliary epithelium and at the same time increasing the uveoscleral
outflow (Toris et al. 1995a). It is highly selective on a(2)-adrenergic receptor and
accounts for 7-12-fold and 23-32-fold more than clonidine and apraclonidine
respectively.

Therapeutic Uses

It is the drug of choice for the treatment of chronic open-angle glaucoma and ocular
hypertension. It is considered as a major therapy in patients who are contraindicated
to beta-blockers (Apatachioae and Chiselita 1999). Brimonidine (0.2 %) with
brinzolamide (1 %) in fixed combination resulted in significantly greater IOP-
lowering effect when compared to brimonidine or brinzolamide alone and exhibited
a good safety profile (Aung et al. 2007).

It is commercially available as an ophthalmic solution at 0.15 %w/v and
0.2 %w/v. The topical solution is indicated to be instilled three times a day every 8
h apart. The peak effect of lowering ocular hypotension is observed after 2 h post
dosing.
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Side Effects

It has low incidences of ocular and peripheral side effects. Photosensitivity, ocular
hyperemia, and hypersensitivity are the major side effects. Long-term use has been
reported to cause anterior uveitis and allergic conjunctivitis (Becker et al. 2004). It
is contraindicated in infants and children due to severe systemic side effects (Wright
and Freedman 2009).

6.7.5.2 Apraclonidine
Apraclonidine, a para-amino derivative of clonidine, has shown low penetration
across the blood-brain barrier, thus minimizing cardiovascular and systemic side

effects. It stimulates a(2)-adrenergic receptors present on nonpigmented ciliary
epithelium which in turn leads to reduction of IOP (Gharagozloo et al. 1988).
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Mechanism of Action

Apraclonidine is a relatively selective agonist of prejunctional «(2)-adrenergic
receptors present on nonpigmented ciliary epithelium. It causes inhibition of
membrane-bound adenylate cyclase which in turn impairs the conversion of ATP to
c-AMP, thereby reducing production of aqueous humor (Gharagozloo et al. 1988).
Vasoconstriction of arterioles also resulted in less ciliary body blood flow, thus
reducing aqueous production. It also influences the aqueous humor drainage path-
way which includes mostly the uveoscleral outflow, and in less instances, conjunc-
tival and episcleral vascular flow may also be involved (Hurvitz et al. 1991; Toris
et al. 1995b).

Therapeutic Uses

Apraclonidine is approved for the treatment of elevated IOP in normotensive and
glaucomatous human eyes by suppressing the rate of aqueous production (Yiiksel
et al. 1992). In a study, apraclonidine at 0.5 % was found to have better therapeu-
tic efficacy than 1 % ophthalmic solution in reducing IOP (Rosenberg et al. 1995).
It has been found useful as a short-term adjunctive therapy to timolol for the
poorly controlled glaucoma (Morrison and Robin 1989; Stewart et al. 1995). It
has been used as a diagnostic agent for Horner’s syndrome (Chen et al. 2006). It
has been reported that it is safe and effective as a single postoperative administra-
tion for reducing the elevated IOP after argon laser trabeculoplasty (Holmwood
et al. 1992; Robin et al. 1987b), argon laser iridotomy (Hong et al. 1991; Robin
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et al. 1987a), and Nd-YAG laser capsulotomy (Brown et al. 1988; Cullon and
Schwartz 1993; Pollack et al. 1988).

Dosage

Apraclonidine is available commercially at 0.5 and 1 %w/v ophthalmic solution. It
needs to be instilled one drop three times daily. Within 1 h post instillation, it pro-
duces 20 % reduction in IOP in the glaucomatous eye and maximum effect can be
seen at 3—5 h. Its duration of action for IOP reduction stays for 5-8 h. It is com-
monly administered as an adjunctive therapy to timolol for reducing IOP. It is
contraindicated in patients receiving monoamine oxidase (MAQ) inhibitors or tri-
cyclic antidepressants.

Side Effects

Ocular side effects include photosensitivity, transient lid retraction, mydriasis, and
conjunctival blanching. Transitory Snellen acuity and allergic conjunctivitis are the
other side effects.

6.7.6 p-Blockers

This class of drugs has become a major therapeutic option for the treatment of glau-
coma and ocular hypertension. Due to their well tolerance and minimal side effects,
[B-blockers are the mainstay for the management of glaucoma classified as nonselec-
tive and selective pB-blockers.

6.7.6.1 pB-Blockers (Nonselective)

Timolol
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Timolol is a potent and standard nonselective B-adrenergic receptor blocker. It was
the first beta-blocker introduced in 1978 for clinical use in ophthalmology after
confirming its efficacy as an ocular hypotensive agent due to blocking effect at $(1)-
and P(2)-adrenergic receptors. Currently it is a prototype drug against which all
newly developed p-blockers are compared for the reduction in IOP in clinical trials
of glaucoma. It does not have any significant intrinsic sympathomimetic, direct
myocardial depressant, or local anesthetic (membrane-stabilizing) activity but does
possess a relatively high degree of lipid solubility.
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Mechanism of Action

Aqueous humor production governs by the stimulation of p-adrenergic receptor-
mediated c-AMP-PKA pathway. Timolol acts by blocking both p(1)- and B(2)-
adrenergic receptors present at ciliary processes and epithelium, resulting into a
decrease in intracellular c-AMP, thus reducing aqueous humor formation. It does
not inhibit the active transport system or prostaglandin biosynthesis. It also decreases
ocular blood flow which in turn leads to a decrease in ultrafiltration responsible for
aqueous production (Zimmerman and Kaufman 1977; Neufeld et al. 1983). It does
not have any effect on aqueous outflow.

Therapeutic Uses

Timolol is used as a first-line agent found effective in reducing IOP (both on imme-
diate and long-term basis) in ocular hypertension and glaucoma. It is effective in
reducing IOP when compared to pilocarpine and epinephrine alone (Boger et al.
1978; Moss et al. 1978). Topical timolol when given in patients receiving oral beta-
blockers for hypertension further reduces IOP (Maren et al. 1982). It has an additive
effect when added to treatment regimen of miotics and carbonic anhydrase inhibi-
tors (Boger et al. 1978; Sonty and Schwartz 1979).

Dosage

Timolol is available commercially at 0.25 and 0.5 % ophthalmic solution. It should
be instilled one drop in each eye two times daily. The duration of action following
topical instillation of a single drop persists at least 24 h. Its action is dose dependent
and it has been shown that 0.5 % concentration gives maximum reduction in IOP.

Side Effects
Timolol is well tolerated with mild stinging or burning sensation, conjunctival
hyperemia, and blurred vision.

Levobunolol

Levobunolol is a nonselective beta-adrenergic receptor antagonist. It was introduced
as an alternative to timolol for the better management of glaucoma and ocular hyper-
tension. Levobunolol has claimed to be as effective as timolol but having longer dura-
tion of action, resulting in better patient compliance after single topical application.
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Mechanism of Action

Levobunolol shows the same mechanism of action as that of timolol. It suppresses
aqueous humor production by blocking pB(1)- and p(2)-adrenergic receptors. It also
reduces the ocular blood flow due to blocking of p-receptor-mediated dilation of
ciliary vessels. It does not have any significant intrinsic sympathomimetic, direct
myocardial depressant, or local anesthetic (membrane-stabilizing) activity.

Therapeutic Uses

It is used in both short-term and long-term management of open-angle glaucoma
and ocular hypertension. Its longer duration of action would allow single topical
dosing per day (Rakofsky et al. 1989; Silverstone et al. 1991; Wandel et al. 1986).
Its action on reducing IOP and ocular hypertension is roughly equivalent to that of
timolol (Bensinger et al. 1985; Boozman et al. 1988; Silverstone et al. 1991).

Dosage

Levobunolol is available commercially as 0.5 % ophthalmic solution. It needs to be
instilled one drop once a day in each eye. The peak reduction in IOP was found to
occur within 1 h after single topical application. The duration of action following
topical instillation of a single drop persists at least 24 h.

Side Effects
Mild stinging or burning sensation is noted after topical instillation.

Metipranolol

Metipranolol is a nonselective p-adrenoceptor blocker structurally similar to timo-
lol, propranolol, and levobunolol. It is well tolerated and does not have any signifi-
cant intrinsic sympathomimetic activities, direct myocardial depressant, or local
anesthetic (membrane-stabilizing) activity.
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Mechanism of Action

Metipranolol reduces IOP in the glaucomatous eye and normal eye by the same
mechanism of action as that of timolol. It suppresses aqueous humor production by
blocking p(1)- and B(2)-adrenergic receptors. It also reduces the ocular blood flow
due to blocking of pB-receptor-mediated dilation of ciliary vessels. It does not affect
aqueous outflow (Battershill and Sorkin 1988).
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Therapeutic Uses

Itis used in the treatment of open-angle glaucoma and ocular hypertension. Clinical
significance of metipranolol with 0.1-0.5 % in glaucoma was found to have compa-
rable to timolol, 0.25-0.5 % (Merte et al. 1983; Mills and Wright 1986), and levobu-
nolol, 0.5-1 % (Krieglstein et al. 1987; Stryz and Merte 1985). Twice-daily
administration of metipranolol (0.1 %) was found to be effective when compared to
timolol 0.25 % and was associated with fewer side effects at lower concentration
(Schmitz-Valckenberg et al. 1984).

Dosage

Metipranolol is available commercially as 0.3 % ophthalmic solution. It needs
to be administered one drop two times a. The peak reduction in IOP was
observed at 2 h. The duration of action after topical instillation persists for at
least 24 h.

Side Effects

Mild stinging or burning sensation is noted after instillation. Bronchoconstriction,
CNS effects and effect on blood pressure and heart rate have been also observed. It
is contraindicated in patients with bradycardia, heart block, heart failure, chronic
asthma, and other respiratory disorders. Its use in glaucoma is associated with
development of granulomatous uveitis (Melles and Wong 1994; Akingbehin and
Villada 1991) which further leads to increase in IOP.

Carteolol
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Carteolol is a nonselective p-adrenergic receptor antagonist with intrinsic sympa-
thomimetic activity. Thus, this agent can be used safely in cardiac and asthmatic
patients without precipitating systemic side effects such as bradycardia and bron-
chospasm, respectively (Henness et al. 2007). This drug is structurally similar to
timolol and levobunolol. It is the second most topical drug prescribed worldwide in
glaucoma.

Mechanism of Action

Carteolol shows same mechanism of action as that of timolol. It suppresses aqueous
humor production by blocking p(1)- and p(2)-adrenergic receptors. It also reduces the
ocular blood flow due to blocking of f-receptor-mediated dilation of ciliary vessels.
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Therapeutic Uses

It is approved for the treatment of open-angle glaucoma and ocular hypertension.
It possesses intrinsic sympathomimetic activity that produces minimal adrenergic
agonistic activity which in turn causes fewer systemic side effects in patients suf-
fering with cardiac and pulmonary diseases (Steward et al. 1991). In a crossover
study, no significant difference was found in reduction of IOP in the glaucomatous
eye between carteolol 1 and 2 % ophthalmic solutions (Duff 1987). In another
study, carteolol 1 and 2 % topical solution administered twice daily for a month
was compared with timolol 0.5 % and metipranolol 0.3 % and showed similar
efficacy in reducing IOP in human patients (Scoville et al. 1988; Steward et al.
1991; Mirza et al. 2001). Carteolol has offered protection on visual function in
addition to the treatment of glaucoma due to intrinsic sympathetic activity which
reduces peripheral vascular resistance in ciliary vessels, thus improving perfusion
of the optic nerve head measured by color Doppler imaging (Montanari et al.
2001).

Dosage

Carteolol is available commercially as 1 % ophthalmic solution. It needs to be
administered one drop two times a day. The peak reduction in IOP was observed at
2 h post dosing. The duration of action of carteolol ophthalmic solution after topical
instillation persists at least 12 h.

Side Effects
Transient irritation, burning, conjunctival hyperemia have been reported after topi-
cal application of carteolol.

Propranolol

Propranolol is a nonselective beta-adrenoceptor blocker agent found to decrease
intraocular pressure (IOP) in early 1967, but due to its mild anesthetic properties,
many investigators resisted themselves from using it as topical medication for
glaucoma (Boger et al. 1978). In 2008, Christine Leaute-Labreze and colleagues
reported that children with and without cardiac disease having capillary heman-
giomas when given oral propranolol have shown a considerable amount of
improvement within 24 h, further resolving the lesions with subsequent treatment
without leading to any significant systemic side effects (Leaute-Labreze et al.
2008).
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Mechanism and Therapeutic Uses

In general, propranolol is an orthosteric antagonist which binds to both p1- and
B2-adrenergic receptors, thereby inhibiting further interaction of adrenaline and
noradrenaline with the f-adrenergic receptors 1 or f2 (Benovic 2002). According
to literature, VEGF-A is a critical factor for the growth of infantile hemangioma;
its production in both normal and cancerous cells is enhanced by noradrenaline.
Noradrenaline (NA) also upregulates HIF-la protein in addition to VEGF
through cAMP and PKA pathways (Park et al. 2011; Fredriksson et al. 2000).
However, baseline VEGF-A production by the cells has not affected by pro-
pranolol, but it functions by the inhibition of catecholamine stimulation
(Fredriksson et al. 2000; Thaker et al. 2006). Thus, either enhanced NA stimula-
tion or enhanced sensitivity to NA in the tumor is a responsible factor which
leads to VEGF-A production in the cells, and VEGF suppression could be a
proposed mechanism of action.

Oral propranolol is used for the treatment of pediatric capillary hemangiomas
(Hogeling 2012). It is used in the treatment of glaucoma and ocular hyperten-
sion but associated with side effects such as bradycardia and pulmonary
dysfunction.

Dosage and Administration
Oral dose of 40 mg twice a day and 1 % ophthalmic solution and ointment are also
used.

Side Effects
Stinging, irritation, and allergic reactions are the common side effects after topical
instillation. It affects corneal sensitivity due to local anesthetic property of
propranolol.

6.7.6.2 p-Blockers (Selective)

Betaxolol [B(1)-Adrenergic Receptor Antagonist]
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Betaxolol was first introduced in 1980 for clinical use and it was approved for the
treatment of glaucoma in 1985 (Goldberg 1989). It reduces IOP by blocking of (1)-
adrenergic receptor with minimal effect on p(2)-adrenergic receptor.

Mechanism and Its Site of Action

Betaxolol is a relatively selective blocker of f(1)-adrenergic receptor present at
the ciliary body in the human eye (Buckley et al. 1990; Reiss and Brubaker 1983).
It produces reduction in aqueous humor production with no effect on aqueous
outflow. Its activity of reducing IOP is shown to be dose dependent. It has no par-
tial agonist activity and has no membrane-stabilizing effect; thus no corneal
desensitization was noted after its ocular use (Boudot et al. 1979; Cavero and
Lerevre-Borg 1983).

Therapeutic Uses

Betaxolol is used for the treatment of chronic open-angle glaucoma and ocular
hypertension. It has low propensity to stimulate cardiac and pulmonary system due
to selective B(1)-adrenergic receptor-blocking potential, thus representing a signifi-
cant advantage over other ocular nonselective beta-adrenoceptor antagonists. The
IOP lowering effect of betaxolol is roughly equivalent to that of timolol (Feghali
et al. 1988). It has been reported that betaxolol has an additive effect when used with
other hypotensive agents including miotics, viz., epinephrine, pilocarpine (Merte
and Schnarr 1987; Rolle and Franzone 1987), and carbonic anhydrase inhibitors
(Smith et al. 1984). Betaxolol was found to have neuroprotective effect to prevent
damage to retinal ganglion cells due to elevated IOP. It is hypothesized that betaxo-
lol is involved in the reduction of influx of sodium and calcium through the voltage-
sensitive calcium and sodium channels (Wood et al. 2003).

Dosage

Betaxolol is available commercially for ocular use as a 0.5 % and 0.25 % ophthal-
mic solution. It is instilled one drop two times in each eye daily. The onset of action
is within 30 min with maximal effect noted at 2 h after topical administration. Its
duration of action persists at least for 12 h.

Side Effects
Transient local stinging, burning or irritation, pruritus, hyphema, vitreous separation,
and blurred vision have been reported after topical administration of betaxolol.

6.8 Drugs Acting Through Parasympathetic System

Cholinergic agonists and antagonists are extensively used for diagnostic and thera-
peutic purposes in ophthalmology as mitotics and for the treatment of glaucoma.
Acetylcholine (ACh) is an endogenous neurotransmitter for cholinergic receptors
(muscarinic and nicotinic) present in the peripheral nervous system primarily on auto-
nomic effector cells innervated by postganglionic parasympathetic nerves. It is mainly
muscarinic receptors in various parts of eye tissues which are stimulated or blocked
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by muscarinic agonists and antagonists to produce their pharmacological effects. The
distribution of muscarinic receptors in the eye is well described in Table 6.1.
Cholinomimetic drugs act by mimicking the effects of acetylcholine. They either
directly activate cholinergic receptors or indirectly through the inhibition of cholines-
terase enzyme (AChE) that terminate the action of endogenous acetylcholine. They
are classified as directly acting and indirectly acting cholinomimetics.

6.8.1 Directly Acting Cholinomimetics

6.8.1.1 Acetylcholine
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Acetylcholine (ACh) is an ester of acetic acid and choline with the [UPAC name
2-acetoxy-N,N,N-trimethylethanaminium. It was Henry Hallett Dale who first dis-
covered ACh for its action in experimental heart tissues in 1915. Thereafter, Otto
Loewi confirmed it as neurotransmitter and named it as Vagusstoff as it was released
from the vagus nerve. Both received Nobel Prize for this work in physiology or
medicine in 1936 (Vogt 1969; Halpern 1969).

Mechanism of Action

Acetylcholine acts either through muscarinic or nicotinic receptors. Five subgroups
(M1-M5) have been identified, out of which M3 receptors are more abundant in dif-
ferent eye tissues such as circular muscle of the iris, ciliary muscle, and lacrimal
gland (Kubo et al. 1986; Bonner 1989). M2 receptor was found in the lacrimal gland
as well. However nicotinic receptors are not yet being found in the eye. Both M2
and M3 are G-protein-coupled receptors with 7 transmembrane amino acid
sequences. M2 receptor acts by opening K+ channel and by inhibiting adenylyl
cyclase, resulting in hyperpolarization. M3 receptors act by activating membrane-
bound phospholipase C that finally in downstream pathway releases Ca2+, resulting
in depolarization, glandular secretion, and constriction of smooth muscle (Gupta
et al. 1994a, b; Kaufman 1984).

Therapeutic Use

Several clinical conditions get benefit from the increase in cholinergic tone in eye.
In 1949, ACh was first time used in ophthalmic surgery. Injection of acetylcholine
chloride solution (1 %) into the anterior chamber of the eye, resulting in contraction
of circular muscle of the iris (miosis), is required during surgical procedures such as
cataract extraction, keratoplasty, and iridectomy (Catford and Millis 1967; Harley
and Mishler 1966). Acetylcholine causes contraction of ciliary muscle, resulting in
spasm in accommodation, and increase in aqueous humor outflow facility, resulting
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in decrease in intraocular pressure especially in patients suffering from glaucoma.
Acetylcholine is also useful in corneal grafting. Although ACh is abundant in cor-
neal epithelium in most of the species, the function is still unknown (refer Table.
5.1, Chap. 4).

Side Effects

Since ACh is rapidly metabolized by acetylcholine esterase, frequency of side
effects is relatively low. Side effects include hypotension, flushing, bradycardia, and
sweating. Ocular side effects have rarely included corneal clouding, corneal decom-
pensation, corneal edema, and transient cataract formation.

6.8.1.2 Methacholine

CHg

It is a synthetic choline ester formed with an addition of methyl group at the beta
carbon atom. Like ACh, it stimulates the parasympathetic nervous system but has
predominant effect on muscarinic receptors. It is more resistant to cholinesterase
than acetylcholine. This results in longer duration of action with increased selectiv-
ity. Tonic pupil (Adie pupil) has been found to contract with 2.5 % methacholine
instillation.

6.8.1.3 Carbachol

0
J\ N
H,N 0
c

-
N

Mechanism of Action and Therapeutic Uses

Carbachol is a synthetic cholinomimetic drug containing a carbamino functional
group and a positively charged quaternary ammonium compound instead of an ace-
tyl group present in acetylcholine and methacholine. The pharmacological proper-
ties are similar to that of acetylcholine. It stimulates both muscarinic and nicotinic
receptors and is highly resistant to hydrolysis by cholinesterase. Carbachol is rarely
used therapeutically except in the eye because of its receptor nonselectivity, longer
duration of action, and high potency.
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Dosage

Carbachol at the concentration of 0.01-3 % used for the treatment of open-angle
glaucoma and 0.1 % topical formulation is used after cataract surgery to produce
miosis. It is commonly administered topically or through intraocular injection. In
the eye it mainly causes miosis by contracting circular muscle of the iris and
increases aqueous humor outflow through the trabecular meshwork by longitudinal
ciliary muscle contraction. Onset of action for miosis is 10-20 min, whereas intra-
ocular tension is reduced for 4-8 h.

Side Effects
Ocular side effects include corneal edema, diminished vision, miosis, brow ache,
headache, temporary stinging sensation, cataract, and rarely retinal detachment.

6.8.1.4 Bethanechol
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Bethanechol is a synthetic ester and is structurally unique than that of methacholine
and carbachol. It contains beta methyl and carbamate functional groups that cause
resistance to hydrolysis by cholinesterase and minor effect on nicotinic receptor.
The effects are prolonged than that of acetylcholine. Bethanechol predominantly
affects the smooth muscle of the urinary and GI tract. Therefore it is mainly indi-
cated for the treatment of acute postoperative and postpartum nonobstructive (func-
tional) urinary retention. It is no longer used in glaucoma because of its poor side
effect profile in glaucoma patients.

6.8.1.5 Pilocarpine
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Mechanism of Action and Therapeutic Uses
Pilocarpine is an alkaloid derived from the leaves of Pilocarpus microphyllus. It is
a nonselective muscarinic agonist which stimulates ganglia as well. In comparison
to ACh and other derivatives, it is less potent and resistant to enzyme hydrolysis. It

mainly acts on muscarinic receptor M3, and thus on topical application, it pene-
trates the cornea and produces acute miosis, ciliary muscle contraction, and finally

H////\



6 Drugs Acting Through Autonomic System for Ocular Use 185

decrease in intraocular pressure. Pilocarpine is especially used for treatment of
open-angle glaucoma where, by reducing iris diameter, it facilitates the flow of
aqueous humor by the trabecular meshwork and canal of Schlemm. It is also used
as a miotic agent postoperatively after the cataract surgery.

Dosage

Topical formulation of pilocarpine at the concentration of 0.5-6 % (2—6 times/day)
is available for the treatment of glaucoma. The IOP reduction lasts for 4-8 h. It can
be adjunctly given with other classes of antiglaucoma drugs. Pilocarpine-induced
miosis persists for 3—24 h but the spasm of accommodation disappears within 2 h.
Pilocarpine (2-5 %) is often used alternately with mydriatics to break the adhesion
between the iris and the lens. Adie pupil contracts with 0.05-0.1 % pilocarpine.
Pilocarpine can be slowly delivered (7 days) through ocular insert.

Side Effects

The frequent side effects of pilocarpine include the initial stinging sensation in the
eye and painful spasm in accommodation. It also produces corneal edema, miosis,
brow ache, diminished vision, and retinal detachment.

6.8.2 Cholinesterase Inhibitors

Acetylcholinesterase (AChE) enzyme terminates the action of ACh at various cho-
linergic nerve endings. Drugs that inhibit this enzyme are known as cholinesterase
inhibitors. By preventing the hydrolysis of ACh, they potentiate the action of ACh
by accumulating this cholinergic neurotransmitter at nerve terminals, resulting in
stimulation of cholinergic receptors present in various effector organs including the
eye. These agents can be classified into reversible and irreversible groups.

6.8.2.1 Reversible AChE Inhibitors

Physostigmine (Eserine)

Mechanism of Action and Therapeutic Uses

Physostigmine is an alkaloid having nitrogenous carbamic acid ester with tertiary
amine obtained from a natural source of Calabar bean, the dried ripe seed of an
African woody climber Physostigma venenosum. It forms a carbamylated stable
complex with acetylcholineesterase results in reversible inactivation of the enzyme.
Physostigmine produces all cholinergic actions due to its effect on both muscarinic
and nicotinic receptors.
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Upon local application to the conjunctiva, it causes conjunctival hyperemia and
constriction of circular (sphincter) muscle of the iris and ciliary muscle, resulting in
miosis and block of accommodation reflex respectively. However, accommodation
block is transient and may be recovered in a few hours. It also lowers the intraocular
pressure by facilitating the outflow of aqueous humor.

Dosage

Physostigmine 0.25-0.5 % topical formulation or eye ointment is used for the eye to
produce miosis or spasm of accommodation. Miosis occurs in a few minutes and is long
lasting (hours to days). This is an intermediate-acting agent as the duration of action
lasts for 2—4 h. Although it lowers IOP, but because of several side effects such blurring
of far vision, limiting visual acuity restricts its use for open-angle glaucoma. It is only
used when the patients become refractory to beta-blockers or carbonic anhydrase inhib-
itors. However, low concentration of physostigmine is used in Adie syndrome (tonic
pupil) to decrease the blurred vision and associated pain in this condition.

Side Effects
Retinal detachment, miosis, cataract, pupillary block, iris cysts, brow ache, and
punctual stenosis of the nasolacrimal system.

Neostigmine
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Neostigmine is a synthetic carbamic acid ester with quaternary ammonium. The phar-
macological effects are similar to physostigmine. Unlike physostigmine it is more
polar and less lipid soluble because of the presence of quaternary amine. Therefore
the effective mitotic effect is not elicited and hence used occasionally as a mitotic
agent. Like physostigmine, it is not the first-line therapy for open-angle glaucoma.

6.8.2.2 Irreversible AChE Inhibitors

Echothiophate (Phospholine Iodide)
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Mechanism of Action and Therapeutic Uses

Echothiophate is an indirectly acting cholinomimetic drug. It binds irreversibly
to AChE, and since it gets hydrolyzed by the enzyme very slowly, its effect can
last more than a week. Thus it is a strong and long-lasting miotic used mainly for
the treatment of open-angle glaucoma. Echothiophate may be indicated in
subacute or chronic angle-closure glaucoma when surgery is refused or contrain-
dicated. It is also used to test certain eye conditions like accommodative
esotropia.

Dosage
Echothiophate 0.125 % solution is available for patient application.

Side Effects
Ocular side effects include retinal detachment, miosis, cataract, papillary block,
brow ache, iris cysts, and punctual stenosis of the nasolacrimal system.

Isoflurophate
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Mechanism of Action and Therapeutic Uses

Isoflurophate is a long-acting and effective mitotic. It is an indirectly acting para-
sympathomimetic agent acts by prolonging the ACh effect at the neuroeffector junc-
tion of parasympathetic postganglionic nerves by irreversibly inhibiting
cholinesterase enzyme. It causes constriction of the iris circular (sphincter) muscle
as well as ciliary muscle to produce miosis and to block the accommodation reflex
with focusing to near vision respectively. It also facilitates the outflow of aqueous
humor, thus reducing the intraocular pressure.

Dosage
Isoflurophate 0.1 % solution in peanut oil twice daily is used for open-angle glau-
coma. It is also used to treat accommodative convergent strabismus.

Side Effects
Ocular side effects include iris cysts, headache, cataract, and retinal detachment.
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6.8.3 Anticholinergics

6.8.3.1 Atropine

OH

Mechanism of Action and Therapeutic Uses

Atropine inhibits cholinergic effect by blocking muscarinic receptors competi-
tively and thus prevents ACh to bind to those sites. It is a natural alkaloid obtained
from Atropa belladonna. Atropine inhibits M3 receptor present in circular mus-
cle (sphincter) of the iris to remove the cholinergic tone, leading to relaxation of
the circular muscle. This finally leads to the domination of adrenergic tone in
radial muscle, causing mydriasis. Atropine blocks the cholinergic effect on cili-
ary muscle, controlling lens curvature and thus abolishing the effect of accom-
modation, causing the lens to fix for far vision. Thus atropine causes both
mydriasis and cycloplegia (Spehlmann 1969; Mindel 1982; Rengstorff and
Doughty 1982).

Atropine is specially used for cycloplegic refraction in younger patients. It
actively accommodates children with accommodative esotropia. It is avoided in
adults for causing prolonged accommodative paralysis. Atropine is also used for
treating anterior uveal inflammation. Atropine does not alter IOP in the normal eye
but it can increase IOP in patients with narrow-angle glaucoma. This is mainly due
to the relaxation of the ciliary muscle and the crowding of the iris in the angle of the
anterior chamber of the eye, causing interference in aqueous humor outflow.
Atropine is also used for cycloplegic retinoscopy and dilated funduscopic
examination.

Dosage

Atropine 0.5, 1, and 2 % solutions are mainly used for inducing cycloplegia and
mydriasis. Topical application of 1 % atropine results in mydriasis in 30-60 min and
the effect stays on up to 14 days and the cycloplegic effect lasts for 12 days. The
longer duration of action is mainly attributed to the binding of atropine to the pig-
mented iris cells and subsequent release over a period of time onto the muscarinic
receptors present in the iris and ciliary body. For pediatric use atropine is used as
1 % topical ointment to avoid systemic side effects.

Side Effects

Ocular side effects of atropine mainly include photosensitivity and blurring of
vision. It can cause acute eye pain due to sudden increase in IOP in patients with
narrow-angle glaucoma.
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6.8.3.2 Homatropine

OH

Mechanism of Action and Therapeutic Uses

Homatropine is derivative of tropane alkaloid having potency one tenth of atropine.
Similar to atropine this also blocks the muscarinic effect on circular muscle of the
iris, resulting in mydriasis, and causes relaxation of the ciliary muscle, resulting in
paralysis in accommodation reflex (cycloplegia) (Marron 1940). It is used for vari-
ous ophthalmic conditions. It is used as mydriatics in post- and preoperative condi-
tions (Shutt and Bowes 1979). It is indicated for the measurement of refractive
errors and treatment of uveitis. It causes pupillary dilatation and ciliary muscle
relaxation that is desired during acute inflammation of the uveal tract. Homatropine
is also used as an optical aid in some cases of axial lens opacities.

Dosage

Homatropine topical solution (2-5 %) is commercially available. Time to peak of
mydriasis is 40—60 min. The duration of action is shorter than atropine and the
effects last for 48 h with lesser side effects.

Side Effects
Mild itching, burning sensation, photosensitivity, and blurred vision are the side
effects reported.

6.8.3.3 Tropicamide
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Mechanism of Action and Therapeutic Uses
Tropicamide mainly acts by blocking the cholinergic stimulation on circular muscle
of the iris, resulting in mydriasis. It produces cycloplegia by paralyzing cilliary
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muscles leading to the loss of accommodation (Milder 1961). This is short and quick
acting. This is a preferred agent for examination of the lens, retina, and vitreous humor
(Merrill et al. 1960; Iribarren 2008). Due to its short duration of action, it is often used
for fundus examination and also used before and after eye surgery. Cycloplegic drops
are often also used for the treatment of uveitis as they reduce the risk of posterior
synechiae and decrease the inflammation in the anterior chamber of the eye.

Dosage

It is available commercially in 0.5 and 1 % solution for ocular use. With 1 % topical
solution (repeated in 5 min), mydriasis is apparent within 15 min and can last for
4-6 h (Siderov and Nurse 2005).

Side Effects

The ocular side effects of tropicamide include transient stinging sensation, blurring
of vision, photophobia, and sudden rise in intraocular pressure. It may sometimes
cause redness of the eye or conjunctivitis.

6.8.3.4 Scopolamine
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Mechanism of Action and Therapeutic Uses

Scopolamine is a tropane alkaloid that competitively blocks muscarinic receptors in
the eye tissue. It is a more potent antimuscarinic agent than that of atropine with
shorter duration of mydriatic and cycloplegic effect (Marron 1940). It is used for
temporary dilation of the pupil and paralysis of certain parts of the eye for diagnos-
tic procedures. Scopolamine is used to dilate the pupil for eye examination and may
also be used before or after eye surgery to reduce pain and swelling in certain types
of eye inflammation (iridocyclitis) by relaxing the eye muscles (Mindel 1982).

Dosage

It is commercially available in 0.25 and 0.5 % ophthalmic solution. Maximum
pupillary dilation and cycloplegic effect occur at 20 min and 40 min, respectively,
and lasted for at least 90 min.

Side Effects

The ocular side effects of scopolamine include blurred vision and burning and sting-
ing sensation. It may also produce redness. CNS toxicity is also caused by the use of
scopolamine eyedrops.
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6.8.3.5 Cyclopentolate

Mechanism and Therapeutic Uses

Cyclopentolate was introduced into clinical practices in 1951 (Priestly and Medine
1951). It is a stable water-soluble ester with anticholinergic property. It causes dila-
tion of pupil (mydriatic) (Hancox et al. 2002) and loss of accommodation achieved
by relaxing the ciliary muscle of the eye (cycloplegic) (Bagheri et al. 2007). It has a
short duration of action and is useful in refraction in pediatric patients (Khurana
et al. 1988). It is also prescribed for a condition of anterior uveitis. It is a painful
condition due to the inflammation in the eye. Cyclopentolate reduces pain and
relaxes the eye muscle. Clinically its cycloplegic effect is much better than that of
homatropine and closely parallel to atropine (Gettes and Leopold 1953).

Dosage
Cyclopentolate 0.5, 1, and 5 % solution is available commercially. The onset of
action is apparent in 20-30 min and lasts for 2-24 h.

Side Effects

Ocular side effects are rare that include burning and stinging sensation. Sometimes
redness of the eye, eye irritation, conjunctival hyperemia, allergic blepharoconjunc-
tivitis, and elevated intraocular pressure may occur.

6.9 Clinical Manifestations of Sympathetic Dysfunction

Sympathetic innervation to the eye consists of a 3-neuron arc. First-order central
sympathetic fibers arise from the posterolateral hypothalamus, descend uncrossed
through the midbrain and pons, and terminate in the intermediolateral cell column
of the spinal cord at the level of C8-T2 (ciliospinal center of Budge). Second-order
preganglionic pupillomotor fibers exit the spinal cord at the level of T1 and enter the
cervical sympathetic chain, where they are in close proximity to the pulmonary
apex and the subclavian artery (Fig. 6.1).

The fibers ascend through the sympathetic chain and synapse in the superior cervi-
cal ganglion at the level of the bifurcation of the common carotid artery
(C3-C4). Postganglionic pupillomotor fibers exit the superior cervical ganglion and
ascend along the internal carotid artery. Shortly after the postganglionic fibers leave the
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Fig. 6.3 A case of Horner
syndrome showing ptosis
and miosis

superior cervical ganglion, vasomotor and sudomotor fibers branch off, traveling along
the external carotid artery to innervate the blood vessels and sweat glands of the face.

The third-order pupillomotor fibers ascending along the internal carotid artery
enter the cavernous sinus. The fibers then leave the carotid plexus briefly to join the
abducens nerve in the cavernous sinus and enter the orbit through the superior orbital
fissure along with the ophthalmic branch of the trigeminal nerve via the long ciliary
nerves. The long ciliary nerves then innervate the iris dilator and the Miiller muscle.

The clinical features of oculosympathetic paresis is classically known as Horner’s
syndrome, which was first reported by Johann Friedrich Horner. Horner’s syndrome
includes the triad of miosis (pupillomotor fibers), ptosis (Muller’s muscle), and
anhidrosis (vasodilator fibers of the face) (Fig. 6.3). The other signs include mild
elevation of the lower lid since sympathetic fibers innervated the smooth muscle of
the lower lid as well, resulting in pseudo-enophthalmos, mild redness of the con-
junctiva as a result of damage to vasoconstrictor fibers, and lower intraocular pres-
sure. In the first year of life, sympathetic nerve fibers are important in supporting the
normal melanization of ocular tissues, and so a congenital Horner may be associ-
ated with relative hypopigmentation of the iris ipsilateral to the lesion (heterochro-
mia iridis). There is increase in accommodation amplitude on the ipsilateral side;
however it is minor and clinically insignificant.

Obtaining a careful history is very helpful in the localization of lesions causing
Horner’s syndrome. First-order neuron lesions will present as hemisensory loss,
dysarthria, dysphagia, ataxia, vertigo, and nystagmus. The second-order neuron
lesions may have history of facial, neck, axillary, shoulder, or arm pain, cough,
hemoptysis, previous thoracic or neck surgery, previous chest tube or central venous
catheter placement, or neck swelling. The third-order neuron lesions may present as
sixth nerve palsy, numbness in the distribution of the first or second division of the
trigeminal nerve, and pain. Table 6.2 enlists the causes of Horner’s syndrome
(Kawasaki 2005).

Areas affected by anhidrosis may help in localizing the lesion. With central first-
order neuron lesions, anhidrosis affects the ipsilateral side of the body. Lesions
affecting second-order neurons may cause anhidrosis of the ipsilateral face. With
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Table 6.2 Causes of Horner syndrome

First-order neuron Second-order neuron Third-order neuron

Arnold-Chiari malformation | Pancoast tumor Internal carotid artery dissection
(associated with sudden ipsilateral
face or neck pain)

Basal meningitis Birth trauma with injury to | Raeder syndrome (paratrigeminal

(e.g., syphilis) lower brachial plexus syndrome) - oculosympathetic
paresis and ipsilateral facial pain
with variable involvement of the
trigeminal and oculomotor nerves

Basal skull tumors Aneurysm or dissection of | Carotid cavernous fistula
the aorta
Cerebral vascular accident Lesions of the subclavian or | Cluster or migraine headache
(CVA)/Wallenberg common carotid artery
syndrome (lateral medullary
syndrome)
Lesions in the Central venous Herpes zoster
hypothalamus or medulla catheterization
Intrapontine hemorrhage Trauma or surgical injury

(e.g., from radical neck
dissection, thyroidectomy,
carotid angiography, or
coronary artery bypass
grafting)

Lesions of the middle ear
(e.g., acute otitis media)

postganglionic lesions occurring after vasomotor and sudomotor fibers having
branched off the sympathetic chain, anhidrosis is either absent or limited to an area
above the ipsilateral brow; however in practice it may be difficult to make these
distinctions. In patients with generalized dysautonomias who have bilateral sympa-
thetic dysfunctions, it may be challenging to diagnose Horner’s syndrome.
Sometimes lesions of the peripheral sympathetic pathway may have partial damage
of fibers, giving rise to incomplete or “partial” Horner’s syndromes, which may
present without ptosis or anhidrosis. In such cases pupillometric or pharmacological
tests help in clinching the diagnosis.

6.10 Clinical Manifestations of Parasympathetic Dysfunction

The parasympathetic pathway is a two-neuron pathway. Presynaptic parasympa-
thetic fibers originate in the Edinger-Westphal nucleus, the parasympathetic motor
nucleus associated with the oculomotor nucleus in the brainstem. Axons from the
Edinger-Westphal nucleus and the oculomotor nucleus run together in the brainstem
and exit together as the oculomotor nerve. The oculomotor nerve passes through the
lateral wall of the cavernous sinus and enters the orbit through the superior orbital
fissure where it divides into superior and inferior branches. Parasympathetic fibers
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Fig. 6.4 A case of oculomotor nerve palsy showing ophthalmoplegia and ptosis with mydriasis

initially run in the inferior division of the oculomotor nerve. They exit as one or two
short “motor roots” that synapse in the ciliary ganglion.

Postsynaptic parasympathetic fibers leave the ciliary ganglion in multiple (six to
ten) short ciliary nerves. These nerves enter the posterior aspect of the eyeball to
innervate the sphincter muscle of the pupil and ciliary body muscles.

The clinical signs of damage to this parasympathetic supply depend on whether
the lesion is pre- or postganglionic. Since both pupillary and accommodative
impulses originate and travel in same pathway, the accommodative paralysis fre-
quently accompanies pupillary paralysis in lesions of the efferent parasympathetic
pathway to the iris sphincter. This combination of iridoplegia and cycloplegia was
called as internal ophthalmoplegia by Hutchinson.

Preganglionic lesions usually cause similar degrees of paresis in both ciliary and
sphincter muscles, leading to weak or absent accommodation and a large nonreac-
tive pupil. The pupil remains round and fails to constrict to light or an accommoda-
tive effort. Damage to the preganglionic portion of this pathway to the iris sphincter
is caused by lesions involving the parasympathetic midbrain nuclei and the oculo-
motor nerve. Injury to Edinger-Westphal nucleus will invariably cause bilateral pupil
defects, and since the oculomotor nerve nucleus is also closely related, the patient
may present with ptosis and ophthalmoplegia.

In cases of infranuclear palsy of the oculomotor nerve, pupil defects are consis-
tently accompanied by some degree of ptosis and/or ophthalmoplegia (Fig. 6.4).
The causes of oculomotor nerve palsy are listed in Table 6.3.
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Table 6.3 Causes of oculomotor nerve palsy

Location Other symptoms and signs Common causes

1. Nucleus Complete IIIrd + C\L ptosis+C\L SR | Vascular occlusion
weakness Hemorrhage, metastasis

2. Fascicles C\L hemiparesis (Weber’s), C\L Vascular occlusion
tremor (Benedikt’s), I\L ataxia Hemorrhage, neoplasm
(Nothnagel’s) demyelination

3. Subarachnoid Typically isolated Aneurysm, microvascular

space occlusion, neoplasm, meningitis

Herniation, trauma
4. Cavernous IVth, VIth, V1, V2, oculosympathetic | Neoplasm, inflammation,
sinus dysfunction; pain may be prominent | aneurysm, microvascular

occlusion, thrombosis
Arteriovenous fistula

5. Orbit Proptosis, visual loss Trauma, neoplasm, inflammation

In the subarachnoid part of the oculomotor nerve pathway, the pupillary fibers
are superficially located which makes them particularly susceptible to direct com-
pression, particularly aneurysm. And thus involvement of the pupil, particularly in
a young patient, should warrant an imaging study to identify and localize the lesion.
Cases of isolated internal ophthalmoplegia are extremely rare and are usually due to
intrinsic lesion of the oculomotor nerve. Any lesion of the cavernous sinus can
potentially compress and damage the oculomotor nerve and the pupil fibers. In such
cases anisocoria may or may not be present depending on the disparity of involve-
ment of both sympathetic and parasympathetic pathways present in this region.

In contrast, the postganglionic lesions will affect only the pupil and accommoda-
tion, sparing the extraocular muscles. The damage to the ciliary ganglion and short
posterior ciliary nerves may be local. The common causes include localized injury,
viral infections, inflammation of choroid, autoimmune diseases like sarcoidosis,
rheumatoid arthritis, migraine, and primary or metastatic tumors of choroid and
orbit.

The involvement of ciliary ganglion and short posterior ciliary nerves may be
part of widespread generalized dysautonomia like in cases of syphilis, chronic alco-
holism, diabetes mellitus, amyloidosis, systemic lupus erythematosus, Sjogren syn-
drome, some of the spinocerebellar degenerations, hereditary motor-sensory
neuropathy (Charcot-Marie-Tooth disease), Landry-Guillain-Barre syndrome,
Miller Fisher syndrome, and Shy-Drager and Ross syndrome.

6.11 Holmes-Adie Syndrome

Holmes-Adie syndrome is an uncommon, idiopathic condition that may develop in
otherwise healthy persons and in patients with unrelated conditions. The patho-
physiology of an Adie pupil is acute denervation followed by reinnervation of the
ciliary body and iris sphincter (Corbett et al. 1998). The clinical findings depend on
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the stage of evolution in which the pupil is examined. In the acute phase, there is
internal ophthalmoplegia, thus causing symptoms like photophobia and blurred
vision. The pupil is large and dilated and may be confused with pharmacological
mydriasis; a careful slit lamp examination reveals segmental contractions, called as
“vermiform movements” of the pupil, as a result of sectoral palsy of the pupil in this
condition (Kardon et al. 1998). With time, as the reinnervation occurs, the pupil
becomes irregular and smaller in shape. The accommodation response is regained
while the light response is still impaired. The pupil response to accommodation and
then redilation is slow and sustained that earned its name as “tonic pupil.”

The other associated features of this syndrome are areflexia of deep tendon reflex,
decreased corneal sensation, and cholinergic denervation hypersensitivity of the pupil.
Cholinergic supersensitivity develops in acute phase. About 80 % of tonic pupils dem-
onstrate cholinergic supersensitivity and thus may help in diagnosing these cases.

6.11.1 Diagnosis of Autonomic Dysfunction

As it can be inferred from the above clinical manifestations, most patients with
autonomic disorders show evidence of sympathetic or parasympathetic deficits in
the pupil. In a recent systematic study of 150 consecutive patients with various
types of dysautonomia referred for pupillometry, the overall prevalence of pupil
abnormalities was found to be 66 % (Bremner and Smith 2006). Thus examination
of the pupil is a simple, convenient, noninvasive technique for evaluating function
in the autonomic nervous system (Bremner 2009). The examination entails deter-
mining the size of the pupil, measuring the pupil response to light and accommoda-
tion, and use of topical pharmacological agents to confirm as well as localize the
lesions. These pupil signs in combination with other associated clinical signs help
in clinching the diagnosis. Although the autonomic disturbance in the pupils may
not correlate with autonomic function elsewhere, it may still help in discriminating
between the various autonomic conditions.

The size and the tone of the pupil are determined by balance between the sympa-
thetic and parasympathetic tone. A variety of instruments have been designed for
measuring the pupil size, ranging from a simple handheld pupil gauge to infrared
pupillometry (Wachler and Krueger 1999; Wilhelm and Wilhelm 2003).

The difference between the sizes of two pupils is termed as “anisocoria” and is
an important clue to diagnose various conditions. Anisocoria up to 0.4 mm is seen
in 20 % of normal population. While the amount of physiological anisocoria remains
constant in all conditions, the pathological anisocoria may vary in different illumi-
nation conditions and thus provides critical evidence for diagnosis.

In cases of Horner’s syndrome, the anisocoria is more in dark because of the paral-
ysis of the dilator muscle of the affected pupil, also known as “dilatation lag.” The
initial redilatation is rapid and reflects withdrawal of the parasympathetic drive to the
sphincter muscle, whereas the later phase is slower and is thought to be actively driven
by the peripheral sympathetic supply to the dilator muscle. Damage to this peripheral
sympathetic supply therefore delays the later phase, giving rise to ‘redilatation lag’



6 Drugs Acting Through Autonomic System for Ocular Use 197

Fig. 6.5 A case of Adie syndrome; (a) anisocoria in light, (b) anisocoria in dark, (¢) miosis after
0.1 % pilocarpine instillation

(Lowenstein and Loewenfeld 1950). Dilatation lag is detected by measuring the pupil
size in very dim light after a bright room light has been turned off. Normal pupils
return to their widest size within 12—15 s, with most of the dilation occurring in the
first 5 s. Pupils that show dilation lag may take up to 25 s for complete dilatation
(Digre 2005). In cases of unilateral Horner’s syndrome redilatation lag may be readily
detected both clinically (by directly comparing the time taken for the pupils to dilate
after the room lights are turned out) and photographically (anisocoria measurements
are greater at 5 s compared with 15 s after onset of darkness) (Pilley and Thompson
1975). However detection of bilateral sympathetic lesions requires an absolute mea-
sure of redilatation. Some studies have shown that the redilatation lag is the most
sensitive test for the diagnosis of unilateral or bilateral Horner’s syndrome. To further
localize the site of the lesion, pharmacological tests are required.

The paralysis of parasympathetic pathway manifests as anisocoria which increases
in bright light because of the paralysis of the sphincter muscle of the affected side
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(Fig. 6.5b). The different causes of parasympathetic paralysis have been described
above and can be differentiated on the basis of their associated clinical features. The
damage to the preganglionic fibers in oculomotor nerve presents with internal oph-
thalmoplegia along with paralysis of extraocular muscles. The lesions of postgangli-
onic parasympathetic pathway manifest as isolated internal ophthalmoplegia, which
can be a part of generalized dysautonomia or can be due to local insult to ciliary body
and short ciliary nerves. A careful slit lamp examination may reveal “vermiform
movements” which are characteristic of Adie tonic pupil. One must also look for
response to both light and near. In chronic cases of Adie tonic pupil, the pupil con-
stricts when the near target is present but however fails to do so when a bright light
is shone, thus seen as light-near dissociation. The accommodative response in such
cases is quite slow and tonic. It can take over 10 s for peak miosis to be reached and
even longer for the pupil to return to its original size. The pharmacological tests help
in further differentiation and confirmation of diagnosis.

6.11.2 Pharmacological Tests for Pupil

The pharmacological tests are useful for the confirmation of the diagnosis as well as
for the localization of the lesion. However they should be done in controlled envi-
ronment and may also get affected by the patient’s frame of mind.

Sympathetic Paralysis The most widely used confirmatory test for the diagnosis
of Horner’s syndrome is the cocaine 10 % eyedrop test. Cocaine blocks the reuptake
of the norepinephrine that is released continuously from sympathetic nerve endings
at the neuromuscular synapse, allowing norepinephrine to accumulate at the recep-
tors of the effector cells. The failure of dilatation of the pupil indicates the presence
of Horner’s syndrome. It cannot differentiate between the central or peripheral
Horner since cocaine has no direct affect on the receptors of the iris but just prevents
the reuptake of norepinephrine at the local site. A lesion of the sympathetic pathway
will prevent the presynaptic release of norepinephrine irrespective of its location,
thus failure to dilate with cocaine. Kardon et al. analyzed photographs from a large
number of cocaine tests in Horner patients and controls to establish the optimal
diagnostic criteria; they concluded that an increase of anisocoria of 0.8 mm or more
gives a mean odds ratio of 1050:1 (95 % lower limit 37:1) that the patient has a
Horner (Kardon et al. 1990).

The 1 % hydroxyamphetamine test can be used to differentiate between a post-
ganglionic and a preganglionic or central Horner’s syndrome. Hydroxyamphetamine
releases stored norepinephrine from the postganglionic adrenergic nerve endings
(Cremer et al. 1990). Thus a lesion of the postganglionic neuron that results in loss
of terminal nerve endings and their stores of norepinephrine will show no mydriatic
effect even with hydroxyamphetamine, with lesions of the preganglionic or central
neuron where the postganglionic nerve endings remain structurally intact. Thus, the
pupil dilates fully and may even become larger than the opposite pupil from upregu-
lation of the postsynaptic receptors on the dilator muscle. Hydroxyamphetamine
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Fig. 6.6 A flowchart depicting the approach toward a case of anisocoria
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testing is reported to localize the lesion in Horner’s syndrome with a sensitivity of
93 % and specificity of 83 %. Thus a smaller pupil that fails to dilate to both cocaine
and hydroxyamphetamine most likely has a lesion of the postganglionic fibers,
while failure of dilatation with cocaine but exaggerated dilatation with hydroxyam-
phetamine is suggestive of postganglionic lesion.

Unfortunately nowadays it has become difficult to procure both cocaine and
hydroxyamphetamine. In such cases diluted phenylephrine 1 % or any other alpha
agonist can be used to diagnose Horner’s syndrome. It based on the principle of dein-
nervational supersensitivity of adrenergic receptors of iris dilator muscle. Danesh-
Meyer et al. have compared the pupillary responses to hydroxyamphetamine and 1 %
phenylephrine in 3 pre- and 11 postganglionic Horner patients and found good con-
cordance in the results between these two drugs (Danesh-Meyer et al. 2004).

Parasympathetic Paralysis The integrity of parasympathetic pathway tested by
looking for evidence of denervation supersensitivity of the iris sphincter muscle
receptors. The commonest drug used is 0.1 % pilocarpine (Jacobson 1990); this
weak muscarinic agonist has little effect on the normal pupil but will produce an
exaggerated miosis in any patient with a parasympathetic lesion (Fig. 6.5). This
supersensitivity of iris cholinergic receptor is irrespective of site of lesion, pre- or
postganglionic (Jacobson and Vierkant 1998). Figure 6.6 depicts the flow chart for
the approach toward a patient of anisocoria.

The diagnosis of autonomic dysfunction appears to be simple and straightfor-
ward in presence of anisocoria. The pupillometric tests compare the pupil response
to various stimuli, of one eye to the other; the pharmacological tests are based on the
principle where the other eye serves as an internal control (Czarnecki et al. 1979).
However in cases of generalized autonomic dysfunction, there is bilateral and sym-
metrical involvement of the pupil, which obscures the diagnosis (Smith and Smith
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1999). In such cases the pharmacological tests become relatively insensitive, and
clinical signs and pupillometric tests like redilatation lag and light-near dissociation
may aid in diagnosing the condition.

The diagnosis turns out to be equally confounding in a rare case where both
sympathetic and parasympathetic dysfunction coexists. In such a case presence of
dysfunction of one system masks the clinical signs of dysfunction of the other. The
pupillometric tests may not serve the purpose since both the iris sphincter and dila-
tor muscles are affected. The pharmacological tests are positive only if there is
asymmetric involvement or the dysfunction of one system predominates over the
other. The comparison of this measure with the normal healthy population is the
way to arrive at the conclusion.
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Chapter 7
Ocular Hypotensives and Neuroprotectants
in Glaucoma

Tanuj Dada, Parul Ichhpujani, Srinivasan Senthilkumari, and Alain Bron

Abstract Glaucoma is the leading cause of blindness in the world. It is an optic
neuropathy disease associated with elevated intraocular pressure. Glaucoma encom-
pass a group of various clinical presentations that share the same anatomical fea-
ture, a progressive loss of retinal ganglion cells (RGCs) superior to the age-related
loss. This chapter deals about the pharmacology of conventional antiglaucoma
drugs and newer drugs/pathways which are under investigation. Medical manage-
ment of glaucoma has been discussed with the concept of reaching target intraocular
pressure (“Target IOP”) using pharmacological agents. Newer concept of neuro-
protectants for the management of glaucoma has also been included in the
deliberations.
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7.1 Pharmacological agents in the medical management
of glaucoma

7.1.1 Background

The glaucomas encompass a group of various clinical presentations that share
the same anatomical feature, a progressive loss of retinal ganglion cells (RGCs)
superior to the age-related loss. Glaucoma is still the first cause of irreversible
blindness worldwide, and it has been estimated recently that the number of
glaucoma cases will be 76 million in 2020 and about 112 million in 2040.
Glaucoma is the second leading cause of blindness in the world. Primary open-
angle glaucoma (POAG) is the most predominant form of glaucoma worldwide,
accounting for 74 % of those affected (Kingman 2004). POAG is characterized
by progressive retinal ganglion cell loss, optic nerve damage, and visual field
loss leading to bilateral blindness in about 10 % of untreated individuals.
Aqueous humor is a clear fluid which is secreted by the ciliary epithelium in the
posterior chamber and travels to the anterior chamber wherein it nourishes the
avascular tissues like the cornea and lens and drains into the episcleral vein
through the trabecular meshwork (TM) (Fig. 7.1). Pharmacological manage-
ment of glaucoma is achieved by either decreasing the aqueous production or by
facilitating the aqueous outflow. Drugs with their target, mechanism of action
in reducing IOP are shown in the Table 7.1. The goal of treatment of all patients
with glaucoma and those suspected of having glaucoma is the same, specifically
enhancing their quality of life, helping them celebrate life, and allowing them to
be as healthy as they can.

Fig. 7.1 Aqueous humor
(AH) outflow pathway
(abbreviation: CE corneal
epithelium, CEn corneal
endothelium, SC
Schlemm’s canal, TM
trabecular meshwork)
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7.1.2 Concept of “Target IOP”

The concept of target intraocular pressure (IOP) arises from the fact that progres-
sion in advanced glaucoma, and occasionally in early glaucoma, may occur even at
what is thought to be a “normal” intraocular pressure. The erstwhile magic figure of
21 mmHg or lower may not be low enough for many glaucomatous eyes to halt the
progressive field damage.

Target IOP is defined as “a range of acceptable IOP levels within which the
progression of glaucomatous neuropathy will be halted [retarded.” 1t is the spe-
cific level of pressure that, if achieved, will possibly prevent further optic nerve
damage and is the IOP where the rate of loss of ganglion cell will equal the age-
induced loss (Heijl et al. 2002; Feiner and Piltz-Seymour 2003; Hodapp et al.
1993; Jampel 1997). Further, this concept acknowledges that there may be pres-
sure-independent factors, including aging, which may be superimposed upon the
pressure-related process of glaucoma progression. This definition does not sug-
gest that lowering IOP will completely halt progression of glaucomatous
disease.

It can also be defined as the IOP at which the sum of the health-related quality
of life (HRQpL) from preserved vision and the HRQoL from not having side
effects from treatment is maximized.

7.1.3 Factors Influencing Target IOP

The target IOP is dependent on (Lichter et al. 2001):

(a) IOP level before treatment (the lower the untreated IOP levels, the lower the
target IOP should be)

(b) Stage of glaucoma (the greater the preexisting glaucoma damage, the lower the
target IOP should be)

(c) Rate of progression during follow-up

(d) Age and life expectancy (younger age requires lower target IOP)

(e) Presence of other risk factors, e.g., exfoliation syndrome

(f) Family history

(g) Systemic diseases (diabetes, HT, CAD, CVD)

The initial target pressure is an estimate toward the ultimate goal of protecting
the optic nerve. The target pressure is different among patients, and even in the
same patient it may require recalculation in the course of the disease.

When initiating therapy, it is assumed that the measured pretreatment pressure
range resulted in optic nerve damage; so, the initial target pressure selected is at
least 20 % lower than the pretreatment IOP
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7.1.4 Setting Up Specific Target

The specific target IOP can be set by classifying the disease based on the severity of
glaucomatous damage as follows:

Mild Glaucomatous optic nerve abnormalities with normal visual fields
* For 20 % IOP reduction from baseline values, keep IOP <18 mmHg.

Moderate Visual field abnormalities in one hemifield but not within 5° of
fixation

* For 30 % IOP reduction, set IOP below 15 mmHg.

Severe Visual field abnormalities in either hemifield or field loss within 5° of
fixation

* For 50 % IOP reduction, set IOP below 13 mmHg

In addition to setting the target IOP, it is important to keep watch on the diurnal
Sfluctuation of IOP. The maximum IOP should always be kept below 18 mmHg at all
follow-up visits (AGIS study data), and the fluctuation of IOP (both diurnal and
long-term variations) should be below 4 mmHg.

The adequacy of the target IOP needs to be periodically reassessed by comparing
optic nerve status (quantitative assessments of the disc and nerve fiber layer and
visual field tests) with previous examinations. If progression occurs at the set target
pressure, the target IOP should be lowered (Heijl et al. 2002; Feiner and Piltz-
Seymour 2003; Hodapp et al. 1993; Jampel 1997; Lichter et al. 2001; AAO Glaucoma
2004-2005). The target IOP is just a guideline; it is better to use a range rather than
a single number. Using a range of IOP prevents unnecessary aggressive therapy.

7.1.5 Medical Therapy

The ideal antiglaucoma medication is one that is effective, has minimal side effects,
is cost-effective, and is easy to comply with.

Before we proceed further, it’s important to understand that a first-choice agent
is the drug chosen on medical grounds, whereas a first-line agent is selected on
nonmedical (usually cost) grounds.

There are six classes of topical hypotensive medication: hypotensive lipids
(prostaglandin analogues), beta-blockers, selective (alpha 2)-adrenergic agonists,
carbonic anhydrase inhibitors (CAls), cholinergics, and hyperosmotics (Table
7.1). Refer Chapter 6 for the detailed pharmacology of drugs acting through
autonomic receptors.
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7.1.5.1 Hypotensive Lipids

Hypotensive lipids fall into three subcategories: prostaglandin analogues (PGAs)
which include latanoprost (Xalatan 0.005 %) and travoprost (Travatan and Travatan
Z, both 0.004 %; Izba which is travoprost 0.003 %), prostamide which includes
bimatoprost (Lumigan 0.03 % and 0.01 %), and the deconsanoid class which is
represented by unoprostone isopropyl (Rescula 0.15 %). They are all derivatives of
prostaglandin F2 alpha, based on pioneering work by Bito, Stjernschantz, and
Camras (Bito 2001; Camras et al. 1989).

PGAs increase both trabecular meshwork and uveoscleral outflow (Lim et al.
2008) and are less affected by circadian variations in aqueous production than the
beta-blockers (Walters et al. 2004). Although these drugs have dual mechanism of
action, most of the increased outflow facility can be attributed to their effects on
the pressure-independent uveoscleral outflow pathway.

Variations in the PGF2 alpha molecule result in changes in potency and side
effects. Latanoprost was the first one to be developed commercially (by Pharmacia,
now Pfizer). In order to reduce the hyperemia associated with PGF2 alpha, the
unsaturated (double) bond between carbons 13 and 14 was saturated. This resulted
in some loss of potency, but by reducing hyperemia made the drug cosmetically
acceptable to patients. Because there is no major clinical difference in I[OP-lowering
efficacy whether this class of drugs is dosed daytime or nighttime, it has become
customary to prescribe them at bedtime, so that the majority of the immediate
hyperemia associated with drug dosing occurs while the patient is asleep. These
drugs do have some “chronic” hyperemia that tends to subside over several months
of use. Occasionally patients prefer morning dosing, which is acceptable from an
efficacy perspective. Clinical IOP-lowering efficacy is better with OD dosing rather
than BID dosing (Alm and Stjernschantz 1995). Systemic half-life of the drugs is
brief (e.g., latanoprost 17 min). There is little effect of the drugs on the IOP of the
contralateral eye when dosed unilaterally (Sjoquist and Stjernschantz 2002).

To improve efficacy, Alcon Laboratories modified the PGF2 alpha molecule to
create travoprost by adding a CF3 on the unsaturated benzene ring. This allows
for a tighter bonding of the travoprost free acid to the FP receptors (Sharif et al.
2003). This results in a longer-duration, clinically useful, IOP-lowering effect of
both original travoprost and the BAK-free version, Travatan Z (Gross et al. 2008).
This could be important in patients who occasionally miss doses.

Most of the hyperemia associated with the HLs results from dilated conjuncti-
val vessels in response to direct activation of FP receptors found in the vasculature
muscle walls. Bimatoprost has a six- to eightfold greater concentration than other
hypotensive lipids. This may be related to the clinical observation that bimato-
prost causes more red eye than the other two products (Stewart et al. 2003).

The three hypotensive lipids lower IOP on average between 25 and 30 %.
These drugs have relatively flat IOP curves over 24 h, demonstrating both low
circadian IOP fluctuation and, unlike the beta-blockers, effective diurnal and noc-
turnal IOP control (Konstas et al. 2005). They do not evidence short-term escape
or long-term drift (Goldberg 2001; Cohen et al. 2004; Bayer et al. 2004).



7 Ocular Hypotensives and Neuroprotectants in Glaucoma 213

Latanoprost is subject to deterioration when exposed to heat over 100 °F for
longer than 8 days (Xalatan package insert, Pfizer, NY). The other hypotensive lip-
ids seem to be somewhat more stable at temperatures likely to be found in most
natural settings. All agents may deteriorate at an accelerated pace when exposed to
direct sunlight.

7.1.5.2 Beta-Blockers

Topical beta-blockers were considered the gold standard initial treatment for open-
angle glaucoma for nearly two decades, from 1978 to 1996, when the first prostaglan-
din analogue was granted approval by the FDA. Hypotensive lipids (prostaglandin
analogues) are more potent IOP-lowering drugs than timolol and other beta-blockers.
However, this fact does not mean that beta-blockers cannot be used as a first-line agent.
This class of medication still remains efficacious, tolerated, and cost-effective.

Beta-blockers antagonize beta 1 and beta 2 receptors in the ciliary body’s nonpig-
mented epithelium and thereby reduce secretion of the aqueous humor through an
incompletely understood mechanism, which in turn lowers IOP. Action on the ciliary
microvasculature may reduce the ultrafiltration component of aqueous secretion.

One drop of timolol maleate 0.25 or 0.50 % has its peak effect, 2 h following
administration, and may last for 24 h. Some residual effect of timolol on IOP may
be detected for as long as 2-3 weeks, and beta blockade can be detected up to
1 month after discontinuation of the drug.

Nonselective beta-blockers lower IOP 20-30 %. However, IOP reduction may be
as high as 50 % and last greater than 24 h in some individuals. In up to 20 % of cases,
the initial IOP reduction can be lost within 2-3 weeks. This has been called short-term
escape and most likely reflects an upregulation in the number of ocular beta receptors
after initial complete blockade (Boger 1983). For this reason, it is recommended to
wait at least 4 weeks following initiation of therapy before assessing IOP effect.

Beta-blocker treatment can maintain control of IOP for years. However, in some
patients IOP control may be lost after many years of therapy or even within 3 months
(Gieser et al. 1996). This phenomenon is called long-term drift and may be the result
of drug tolerance or progression of the trabecular meshwork outflow problems.

Selective beta 1 blockers are less potent at reducing IOP than their nonselective
counterparts, which can make them less attractive in patients who need a bigger
IOP reduction.

The advantage of selective beta 1 blockers is that they have less effect on the
beta 2 receptors found predominantly in the pulmonary system, making them
more tolerable in patients with the potential for bronchospasm. Among nonselec-
tive beta-blockers, there are no differences in terms of IOP-lowering efficacy.

Patients under treatment with systemic beta-blockers may experience a reduced
effect of topical administration and increased side effects (Allingham et al. 2005).

There are ocular, cardiovascular, pulmonary, metabolic, and central nervous
system side effects. In general, beta-blockers are well tolerated when applied topi-
cally; however, there are reports of ocular discomfort due to burning, hyperemia,



214 T. Dada et al.

toxic keratopathy, punctate keratopathy, periocular contact dermatitis, and dry eye
(Dunham et al. 1994).

Chronic administration of benzalkonium chloride (BAK) used as preservative
in most beta-blocker solutions may play a role in ocular toxicity. The use of
preservative-free timolol may help identify preservative as the source of local side
effects. Timolol is available as a solution and in a gel-forming preparation. Gel-
forming preparations allow longer permanence on the ocular surface for a sus-
tained effect, and the once-daily administration can lead to fewer side effects.
Gel-forming solution is also less likely to reach the nasolacrimal duct, lessening
the potential for systemic side effects.

Beta-blockers are absorbed via the nasolacrimal system by the nasal and oral
mucosa, thus bypassing the first-pass effect in the liver (Sharif et al. 2003). Direct
access to the blood stream explains many systemic side effects and contralateral
IOP lowering. Systemic side effects must be thoroughly searched for by a careful
medical history since patients often overlook their eyedrops as a potential cause
of systemic symptoms.

Beta 1 receptor blockade lowers blood pressure and heart rate, which can cause
severe bradycardia, especially in patients with advanced age or underlying medical
conditions, such as greater than first-degree heart block (a contraindication for the
use of beta-blockers). They also cause decrease myocardial contractility, which is
a relative contraindication for beta-blockers in patients affected by heart insuffi-
ciency. Exercise-induced tachycardia may be blocked in healthy individuals.

Beta-2 receptor blockade may cause severe asthma attacks. Nonselective beta-
blockers are contraindicated in asthmatic patients. They also may exacerbate airway
disease in a previously controlled asthma patient or trigger airway disease in a previ-
ously undetected or asymptomatic patient. Betaxolol, a beta 1-receptor blocker, has
been successfully used in patients with pulmonary disease, but it is not entirely free
of potential side effects (Fechtner 1999). A trial of once-daily dosing at the lowest
available concentration of an agent (preferably in one eye) would be a good way to
start. Only then, if indicated, should the frequency and concentration be increased.

Beta-blockers have been observed to alter the blood lipid profile negatively and
could increase the risk of coronary heart disease. They may also mask the symp-
toms of hypoglycemia, such as tachycardia, in diabetics.

Central nervous system side effects are often subjective in nature and rarely
attributed to eyedrops by patients. It is prudent to directly question patients about
symptoms of fatigue, lethargy, confusion, memory loss, sleep disturbance, and
dizziness. If present, a lower dosage of beta-blocker or replacement with another
class of drug should be discussed.

7.1.5.3 Alpha Agonists

The selective alpha-agonist agents used to treat glaucoma are modifications of the
clonidine molecule (similar to the development of the hypotensive lipids that were
derived from PGF2 alpha).
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Two topical alpha-adrenergic agonists are available for glaucoma therapy,
apraclonidine which is relatively nonselective for alpha 1 and alpha 2 receptors
and brimonidine (Alphagan and generic) that is more selective for alpha 2 than
alpha 1 receptors. These drugs work by preventing the release of norepinephrine
at presynaptic terminals. They both decrease aqueous production, and they may
have some effect on episcleral venous pressure as well as uveoscleral outflow
(Reitsamer et al. 2006; Toris et al. 1999). Brimonidine may also affect conven-
tional outflow in a positive manner. These drugs lower IOP between 20 and 25 %.

Apraclonidine (a) does not lower IOP in about 1/3 of patients, (b) has extreme
tachyphylaxis (loss of effect) within about 90 days in about 1/3 of patients, and
finally (c) causes blepharoconjunctivitis with red eyes, conjunctival follicles, pru-
ritus, and periorbital dermatitis in about 1/3 of patients. Pupil dilation and lid
retraction may also occur in a significant fraction of patients (Yuksel et al. 1992).

The newer lower concentrations of Alphagan-P, which contain the preservative
purite instead of BAK, seem to be better tolerated, with a decreased incidence of
allergy and almost as good intraocular pressure control as with the higher (0.2 %)
concentration of the original drug (Whitson et al. 2006).

The pharmacokinetics of topically administered brimonidine requires that it be
dosed three times per day, similar to the topical CAls.

Brimonidine must be used with caution in neonates, young children, and the
frail and elderly. With very young patients, brimonidine has resulted in apnea and
coma (Mungan et al. 2003). Brimonidine can cause fatigue in elderly. Patients
should specifically be queried about the presence of this important side effect. In
these groups of patients, the drug seems to cross the blood—-brain barrier in suffi-
cient concentration to cause these severe side effects.

Alpha-adrenergic agonists should not be used in patients taking monoamine
oxidase inhibitors (MAOIs) because they may precipitate a hypertensive crisis.
They are also contraindicated in patients taking tricyclic antidepressants because
of an increased risk of central nervous system (CNS)-mediated depression
(Schuman 2002). These drugs cause symptoms of dry mouth (and dry nose) when
drained through the nasolacrimal duct into the throat.

7.1.5.4 Carbonic Anhydrase Inhibitors (CAls)

There are at least 14 known varieties of the alpha-carbonic anhydrases (a-CA) whose
main function is the hydration of CO2 to bicarbonate (HCO-). Two of these enzymes
are important for the production of the aqueous humor by the epithelium of the cili-
ary processes, cytoplasmic CA II and membrane-bound CA IV (Matsui et al. 1996).
Part of aqueous production involving active secretion relies on the formation of
bicarbonate by these enzymes to correct the imbalance caused by the ATPase-fueled
transport of sodium into the space between the nonpigmented ciliary epithelial cells.

Patients should be specifically asked about breathing difficulties and skin reac-
tions (Turtz and Turtz 1958), which are the most common form of allergic mani-
festations to sulfonamide antibiotics.
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CALIs can be used topically or systemically. Topical CAls are remarkably free
from side effect and effective. They are the most effective class to use in combina-
tion with a prostaglandin analogue (Scozzafava and Supuran 2014). Systemic
CAIs are also effective, but should be used with full knowledge of the frequency
and severity of their side effects.

Topical CAIs

Approximately 80 % of the volume of topically administered eyedrops is absorbed
systemically within 15-30 s of instillation. Topical dorzolamide is absorbed through
the nasopharyngeal mucosa into the systemic circulation. Chronic administration of
dorzolamide leads to its accumulation in erythrocytes. Hepatic metabolism of dor-
zolamide produces N-desmethyl metabolite which also binds to red blood cells but
inhibits carbonic anhydrase I more than carbonic anhydrase II. Approximately
24-32 % of systemically absorbed dorzolamide is bound to plasma proteins. Urine
is the major route of excretion for both parent and metabolite drugs. There is a rapid
decline of dorzolamide from red blood cells, on discontinuation of the medication.
This is followed by a gradual decline due to an elimination-phase half-life of
approximately 4 months.

Brinzolamide 0.1 % (Azopt, Alcon Laboratories) is a suspension that allows
buffering to a more neutral pH compared with dorzolamide. This seems to improve
tolerance of the topical medication.

In 2013, Simbrinza (Alcon), a beta-blocker-free, fixed-combination therapy,
was approved by the FDA. It combines brinzolamide 0.1 % and brimonidine tar-
trate 0.2 %.

CAIs have been reported to improve ocular blood flow profile by causing ocu-
lar vasodilation through metabolic acidosis via elevated carbon dioxide levels
(Siesky et al. 2008).

Oral CAls

Oral CAls are powerful agents for lowering IOP (between 25 and 30 %) (Friedland
et al. 1977) and may do very well when other medical therapies are unable to reach
the target IOP in chronic glaucomas or to temporarily bring IOP to safe levels in
acute emergent situations.

Paresthesias of the fingers, toes, and nose are common with oral CAls, less so
with methazolamide at lower doses. Paresthesias may diminish over time. Patients
are less likely to be concerned about these symptoms if they are discussed before
the drugs are prescribed.

Patients may suffer from abdominal cramps, nausea, and in some cases severe
diarrhea. Symptoms may improve as time passes, but some patients need to dis-
continue oral CAls because of the gastrointestinal intolerance. The oral CAls
cause a strange metallic taste with foods and carbonated beverages — patients
should be warned this is likely to occur.
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Patients taking oral CAls, usually after several months, can have an unexpected
onset of a malaise-syndrome complex involving (to varying degrees) tiredness, lack
of appetite (with/without weight loss), and even severe depression (Alward 1998).

Salicylates interact with oral CAls. Patients taking high-dose aspirin can get tin-
nitus, increased respiratory rate, and even confusion and coma (Sweeney et al. 1986).

CAlIs in the kidney promote the absorption of bicarbonate through the renal
tubules. CAIs cause alkalinization of the urine along with increased micturition, both
day and night, and potassium excretion. Patients prescribed with chronic oral CAls
should have their electrolytes monitored, especially if taking other potassium-wasting
drugs such as thiazide diuretics and oral corticosteroids (Bateson and Lant 1973).

One important feature of both topical and oral CAls is that they work to sup-
press the aqueous and lower IOP throughout the 24-h day, both in the diurnal and
nocturnal time periods.

The topical CAls lower IOP about 20 % (similar to betaxolol) and the oral CAls
closer to 30 %. Further, patients receiving a full dose of oral CAls are unlikely to see
any additional pressure lowering by also using topical dorzolamide or brinzolamide.

Acetazolamide is the most commonly used and is supplied in 125- or 250-mg tab-
lets or 500-mg sustained-release capsules. It may be dosed up to 250 mg four times
daily or 500-mg SR capsules twice a day. CAls are not the first-line choices for treat-
ment, despite impressive IOP-lowering effects, due to their numerous adverse effects.

The use of oral CAls is contraindicated in patients with a history of kidney
stones or other renal disease, liver disease, cardiac disease, Addison’s disease, and
severe chronic obstructive pulmonary disease and in patients with sulfonamide
allergy out of concern for sulfa cross-reactivity.

7.1.5.5 Miotics

The parasympathomimetic medications are the oldest form of eyedrops used to treat
glaucoma. Since they all act on the iris sphincter muscle to make the pupil smaller,
we shall use the simpler name “miotics” when referring to these agents. The miotics
are subdivided into two classes based on mechanism of action, the direct-acting
cholinergic agents like pilocarpine and carbachol and the indirect-acting anticholin-
esterase agents like echothiophate iodide.

Only ocular cholinergic agent used for therapeutic purpose these days is pilo-
carpine. It is available at 1-4 % solution for clinical use as nitrate or hydrochlo-
ride salt.

Pilocarpine lowers the IOP by constricting the ciliary body muscles that are
connected to the scleral spur to open the trabecular meshwork mechanically and
increase the outflow of the aqueous humor through the conventional drainage
pathways. It has been demonstrated by Worthen that pilocarpine treatment reduces
the diurnal variation of IOP of patients with glaucoma as well as lowers the mean
IOP (Worthen 1976).

Pilocarpine penetrates the cornea well (Quigley and Pollack 1977). While the
kinetics and distribution of pilocarpine within the eye have been studied, the exact
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mode by which the drug metabolizes is not fully understood. Enzymatic hydroly-
sis of pilocarpine, which occurs in the serum and liver, may not be an important
factor in the eye. The relatively prolonged action of pilocarpine may be related to
storage of the drug in ocular tissues. Van Hoose and Leaders have suggested that
pilocarpine may be stored within the cornea, which may then serve as a drug res-
ervoir (Van Hoose and Leaders 1974).

According to traditional teaching, pilocarpine needs to be instilled four times a
day as its duration of action is 6 h, but a study has shown that even pilocarpine 2 %
administered twice daily can lower IOP effectively in many patients with glaucoma.

Local side effects of these miotic agents include miosis, increased lacrimation,
induced accommodation, and browache (Zimmerman and Wheeler 1982). Induced
near accommodation (myopia) is particularly troublesome to young, phakic
patients, especially with the waxing and waning of accommodation every 4-6 h
given the normal QID dosing of drugs like pilocarpine. But miotics work fine in
pseudophakes. Miotic agents can disrupt the blood—brain barrier and should not
be used chronically in patients with ocular inflammation.

Although pilocarpine may be helpful for breaking an acute attack of angle-
closure glaucoma, by causing miosis and pulling the mid-dilated pupil away from
the lens it is blocking, stronger concentrations of pilocarpine may aggravate rather
than help papillary block. The 4 % concentration of pilocarpine may move the
lens—iris diaphragm too far forward.

It is better to use no more than 2 % pilocarpine when treating a patient with acute
angle closure and pupillary block. Further, if IOP is over about 40 mmHg, the iris sphinc-
ter muscle is ischemic and hence cannot contract in response to pilocarpine. Thus, there
is little benefit of this agent until the pressure can be reduced by topical beta-blockers,
brimonidine, topical CAls, oral CAls, oral hyperosmotics, or emergent paracentesis.

Chronic use of any of the miotics may lead to the formation of posterior syn-
echiae, leading in rare cases to an occluded pupil. Highly myopic patients may
suffer retinal tears or detachments with the stronger concentrations of miotic
agents (Pape and Forbes 1978).

Systemic side effects of the parasympathomimetic agents include crampy gastroin-
testinal upset, diarrhea, increased salivation, and increased secretion of stomach acid.

Because cholinesterase activity is suppressed by the indirect-acting miotics,
succinylcholine should not be administered to patients undergoing anesthesia
until at least 6 weeks after ceasing these glaucoma drugs (Eilderton et al. 1968).
Today, miotic agents for glaucoma are used more as the exception (boutique use)
rather than as the rule. They may be helpful in select patients when no other com-
bination of medications can bring the patients’ disease under control.

7.1.5.6 Hyperosmotic Agents
Hyperosmotic agents are generally used for short-term IOP control in emergency

situations where other medications are unable to lower the IOP (Singh 2005).
Intravenous (IV) mannitol and oral glycerins (or glycerol) are the most commonly
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used hyperosmotic agents. Both agents penetrate the blood—ocular barrier poorly,
which is a definite advantage, since this fact creates a larger osmotic gradient for
water to follow.

Mannitol

Mannitol can be given either as an IV infusion using a 20 % premixed solution
(concentration of 200 mg/ml) at a dose of 1-2 g/kg of body weight.

Because of the limited solubility, storage at room temperature (25 °C) is rec-
ommended. Mannitol solutions commonly crystallize at low temperatures. If
crystallization occurs, the solution should be warmed prior to use. Mannitol
should not be administered if crystals are present.

Mannitol should be administered intravenously over 30-60 min. Too rapid an
infusion of mannitol will cause a shift of intracellular water into the extracellular
space, resulting in cellular dehydration with a high risk of hyponatremia, congestive
heart failure, and pulmonary edema. Slow administration, over at least 20—30 min,
may also avoid transient increases in cerebral blood flow that may exacerbate or
increase intracranial bleeding in predisposed patients. Doses in excess of 200 g IV
mannitol/day have been associated with acute renal failure.

Glycerin (or Glycerol)

Glycerol is usually used as a 50 % oral solution at a dose of 1-1.5 g/kg of body
weight (McCurdy et al. 1966). Because of its unpleasantly sweet taste, it is often
given with juice or over ice. The onset of effect can occur within 10 min, with a peak
effect at approximately 1 h. The duration of action is 4-5 h. In elderly patients, the
minimum dose (e.g., 1 g/kg) required to produce the desired effect should be used
to avoid serious side effects.

Because hyperosmotic agents increase the extracellular space, they may precipi-
tate pulmonary edema and cardiac failure in patients with compromised cardiac
function.

7.2 Concept of Neuroprotection in Glaucoma

As glaucoma is characterized by a progressive optic neuropathy, it seems logical to
try to find the “holy grail of neuroprotection™ as do the neurologists for the neuro-
degenerative diseases of the brain and the nerves (Danesh-Meyer and Levin 2009;
Chang and Goldberg 2012).

In our current management of glaucoma, we are only aiming to limit the impact
of some risk factors that lead to the acceleration of RGC death. The most
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documented and most modifiable risk factor is IOP. Many studies in the last two
decades have shown the effectiveness of decreasing IOP in several glaucoma
types (Collaborative Normal-Tension Glaucoma study group 1998; AGIS 2000;
Leske et al. 2003). Unfortunately some risk factors such as family history, aging,
myopia, and ethnicity are not accessible to any treatment. Therefore it makes
sense to concentrate on the final effect of these risk factors, namely, RGC loss
(Osborne 2008).

Most of the attention of the researchers has been focused on neurons; how-
ever, neurons are strongly connected to their environment such as glia, vessels,
and connective tissue, and all these components are potential targets for neuro-
protection (Shih and Calkins 2012). Several pathogenic pathways are now
clearly identified such as inflammation, immunity, neurotrophin deprivation,
excitotoxicity, oxidative stress, mitochondrial dysfunction, etc. (Limb and
Martin 2011).

There is a body of evidence to consider that neuroprotection in preclinical
studies does work. Unfortunately we do not have a perfect animal model for glau-
coma, and it is true that the models we are currently using do not mimic closely
the human course of glaucoma (Quigley 2012). Therefore translational research
from the lab to humans requires a lot of care and humility. More information on
the pathogenesis of RGC death and preclinical studies can be found in several
reviews (Baltmr et al. 2010; Osborne et al. 1999b). In this text we will only report
two clinical trials in humans, one with a topical agent and one with a drug taken
orally.

7.2.1 Brimonidine

Brimonidine has been evaluated as a neuroprotectant in three human clinical trials.
In nonglaucomatous optic neuropathies, its efficacy was not demonstrated either in
Leber hereditary optic neuropathy or in anterior ischemic optic neuropathy (Newman
et al. 2005; Wilhelm et al. 2006).

The Low-Pressure Glaucoma Treatment Study (LoGTS), a multicenter double-
masked randomized trial, evaluated the long-term visual field stability in patients
with normal-tension glaucoma treated with brimonidine or timolol (Krupin et al.
2011). In the group treated with brimonidine, progression was less frequent than in
the group receiving timolol. These results have been intensively discussed, and like
in every clinical trial, some weaknesses were highlighted (Cordeiro and Levin
2011). Among the 178 analyzed patients, 9.1 % on brimonidine and 39.2 % on timo-
lol progressed during a mean follow-up of 30 months. However many patients
(20 %) discontinued the treatment in the brimonidine arm due to allergy, and the
high rate of progressing patients on timolol could suggest that this beta-blocker is
deleterious to retinal ganglion cells which has not been fully documented yet (Hare
et al. 2004a, b). Anyway this study is probably the first trial showing a potential
protective effect of a drug in a well-designed and conducted study.
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7.2.2 Memantine

Memantine, an NMDA glutamate receptor antagonist, has shown some neuropro-
tective properties in laser-induced glaucoma in monkeys (Hare et al. 2004a, b;
Reisberg et al. 2003). It was the first drug approved as a neuroprotective agent in
moderate-to-severe Alzheimer’s disease (Osborne 2009). Memantine, a widely
available drug, has been evaluated in glaucoma patients, with a two parallel, double-
masked, placebo-controlled three-armed phase III study. More than 1000 patients
were recruited in 89 centers, and the primary end point progressive visual field loss
was confirmed. There was a slower disease progression in patients receiving the
higher memantine dose versus the lower dose and placebo. Unfortunately the results
were never published in the scientific literature, and we are still wondering what can
be taught from this study for the future (Osborne 2009; Sena and Lindsley 2010).
Neuroprotection is a fascinating area for research although a recent Cochrane
review was not able to report any robust study showing the positive effect of a
neuroprotective drug (Levin and Danesh-Meyer 2010). Researchers and compa-
nies have made tremendous efforts and spent a lot of money until now without
practical and clinical results. Neville Osborne nicely defended the idea that
although until now we have been disappointed by all the attempts to master and
delay the degeneration of RGCs, it is not a good reason to abandon the fight
against glaucoma-related blindness (Wang and Chang 2014). It is often taught in
medical school that the first pioneer to operate cerebral tumors, Cushing, was
faced with the death of his first ten patients. Hopefully for the future, he did not
give up. So if we are not here yet with neuroprotection today, let’s continue the
fight against RGC degeneration, just keeping in mind that a major hurdle is the
translation from basic research to clinical application (Wang and Chang 2014).

7.3 Newer Drug Classes

7.3.1 Rho-Kinase and Glaucoma

Rho-associated protein kinase (ROCK) plays an important physiological role in
smooth muscle contraction and has been studied as a target for a variety of diseases.
Substantial evidences with ex vivo, in vitro, and animal models showed that ROCK
inhibition showed relaxation of tissues in the conventional outflow pathway and
lower intraocular pressure and may represent a new treatment modality for
POAG. Rho is a small GTPase that is involved in the regulation of many cell pro-
cesses including contraction, cytoskeleton organization, adhesive interactions, traf-
ficking, and permeability. Activation of the Rho/Rho-associated kinase (ROCK)
pathway is activated via secreted bioactive molecules or via integrin activation after
extracellular matrix binding. These lead to polymerization of actin stress fibers and
formation of focal adhesions. This pathway has been demonstrated to increase the
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resistance to aqueous humor outflow through the trabecular meshwork pathway by
inducing alterations in cell contraction, actomyosin assembly, cell adhesion, and
ECM synthesis. Inhibition of ROCK pathway leads to decrease in flow resistance
and increase in aqueous humor outflow and thus has a potential role in glaucoma
therapy. The schematic representation for Rho-ROCK signaling is given below:
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7.3.1.1 Rho-Kinase Inhibitors

Multiple studies have demonstrated that inhibition of ROCK and Rho GTPase
would be an attractive strategy to increase aqueous humor drainage in TM tissues
leading to reduction in IOP (Rao and Epstein 2007; Challa and Arnold 2014; Tanihara
et al. 2008). These drugs reduce IOP by increasing aqueous humor outflow facility
through actomyosin regulation. Several drugs have been developed over the past
decade; however, only four drugs such as K-115, AR-13324, PG324, and AMA 0076
showed promising clinical efficacy in clinical trials. The only minor side effect with
ROCK inhibitors is conjunctival hyperemia. On systemic level, ROCK inhibition is
known to lower blood pressure and vascular resistance thus bearing potential conse-
quences in case of unwanted systemic exposure (Hahmann and Schroeter 2010).

K-115: This compound is in the development by the Japanese company, Kowa
Pharmaceuticals. In phase II randomized dose-response study, this compound low-
ered IOP by 3.1 mmHg 8 h after instillation which is comparable to prostaglandin
analogues. This drug has now advanced to phase III trials, and it is anticipated that
this drug will be used either as monotherapy or in combination with prostaglandins
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and beta-blockers. Conjunctival hyperemia, the most commonly reported adverse
effect of ROCK inhibitors, occurred in 65.3% with the optimal dose.

ROCK inhibitors in the pipeline: Several Rho-kinase inhibitors are now in earlier
stages of clinical testing.

AR-12286: Aerie Pharmaceuticals is developing a novel selective ROCK inhibitor
which showed a statistically significant dose-dependent reduction in mean IOP with
peak effects occurring 2—4 h after dosing in phase II trials with humans. The largest
IOP reduction (—6.8 mmHg) was noted with 0.25 % w/v concentration of AR-12286
following twice-daily dosing. The 0.25 % w/v concentration produced trace to mod-
erate conjunctival hyperemia that was transient and occurred in less than 10 % of
patients with once-daily dosing.

The other compound of this series is AR-13324 which is in phase IIb study in
clinical trials. This molecule has been developed with a dual mechanism of action
to lower IOP: one is to enhance the fluid outflow through trabecular pathway and the
other is to decrease fluid inflow to the eye.

AMAO0076: This compound has been developed by the Belgian company, Amakem
Therapeutics, which showed to act on the trabecular meshwork where it relaxes the
smooth muscle to widen the outflow channels. It has been designed to convert rap-
idly to inactive form to prevent off-target activity and reduce hyperemia.

7.3.2  Nitric Oxide-Donating Latanoprost

VESNEO™ (latanoprostene bunod; previously known as BOL-303259-X and NCX
116) is a novel nitric oxide-donating prostaglandin F2 alpha analogue licensed by
Nicox to Bausch+Lomb. The pivotal phase 3 program includes two separate ran-
domized, multicenter, double-masked, parallel-group clinical studies, APOLLO
and LUNAR, designed to compare the efficacy and safety of VESNEO™ adminis-
tered once daily (OD) against timolol maleate 0.5 % administered twice daily (BID)
in lowering IOP in patients with open-angle glaucoma or ocular hypertension (Yang
and Leffler 2013).

7.4 Newer Delivery Systems

Drug delivery systems currently being developed include conjunctival, subconjunc-
tival, and intravitreal inserts, punctal plugs, and drug depots.

A hybrid dendrimer hydrogel/poly(lactic-co-glycolic acid) nanoparticle platform
is being designed to release the drug slowly, and it is compatible with many of the
currently used glaucoma drugs (Fulgencio et al. 2012).

A timolol maleate-loaded chitosan film has been recently found to be safe and
efficient as an ocular drug delivery system in the treatment and prevention of
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glaucoma (Fulgencio et al. 2012). Chitosan is a cationic polysaccharide biopoly-
mer with mucoadhesive properties.

Other alternatives used for extended drug release include particulate drug
delivery systems or injectable formulations such as microspheres, liposomes, and
nanospheres/nanoparticles (Manickavasagam and Oyewumi 2013). The drug is
trapped in the nanocarrier matrix and delivered into the eye. After administration,
the bioactive agent is released in a controlled fashion by diffusion through the
matrix or by degradation of the polymer matrix. Additionally, once the nano/
micro-carriers are injected, they can act as a reservoir system for drug release for
a prolonged time period.
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Chapter 8
Steroidal and Nonsteroidal Anti-inflammatory
Agents for Ocular Use

Rajani Mathur and Renu Agarwal

Abstract Multiple factors cause ocular inflammation in various anatomical regions
of the eye. Such inflammations are usually tackled with limited symptomatic treat-
ment modalities. The poor prognosis of or long-standing ocular inflammation can
even culminate into permanent loss of vision. Ocular inflammation can be majorly
divided into infections and non-infections conditions. This chapter deals with the
various ocular anti-inflammatory agents used in conditions like uveitis, ocular man-
ifestations of Behchets disease, diabetic retinopathy and allergic conditions leading
to ocular surface inflammations.

8.1 Introduction

Ocular inflammation is a common condition, albeit multifactorial and originating in
different anatomical regions of the eye, that is usually tackled with limited symp-
tomatic modalities. The prognosis of long-standing ocular inflammation can even
be permanent loss of vision.

One of the most common inflammatory eye diseases is uveitis. Uveitis can
occur either as an autoimmune disorder or as a result of injury, infection, or
exposure to toxins. The most common symptoms of uveitis are flares, redness,
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photophobia, floaters, blurred vision, and sometimes pain. Untreated uveitis can
lead to serious sequelae such as permanent vision loss. It accounts for approxi-
mately 10 % of visual handicap in the Western World or 30,000 new cases of
blindness at an incidence of 20-52 cases per 100,000 person-years (Larson
et al. 2011).

The other noninfectious ocular inflammation is Behcet’s disease (BD) that is
chronic, relapsing, multisystem disorder characterized by ulcers of the oral and
genital mucocutaneous tissue, skin lesions, and nonerosive arthritis.

Diabetic retinopathy, a complication of chronic long-standing diabetes mellitus,
is also marked by inflammation of eye.

Diabetic retinopathy is characterized by appearance of microaneurysms,
increased vascular permeability, capillary occlusion, and fibrous and neovascular
proliferation.

The inflammatory processes play a considerable role in the pathogenesis and
progression of DR (KasStelan et al. 2013). Studies have shown marked presence of
inflammatory factors in systemic as well as local (vitreous and aqueous fluid) areas
with significant correlation to the development of impaired vision. The Early
Treatment DR Study and the Dipyridamole Aspirin Microangiopathy of Diabetes
Study have shown that the development of retinal microaneurysms is significantly
minimized in patients with early stage of DR when treated with a high dose of aspi-
rin (900 mg/day). Topical administration of COX-2 inhibitor was shown to reduce
signs of DR similar to its systematic application without the side effects and holds
promise for its therapeutic benefit.

Ocular inflammation is also common after ophthalmic surgery, particularly after
surgical removal of cataracts combined with intraocular lens (IOL) implantation.
The condition manifests as mild iritis, corneal edema, and flare in the anterior cham-
ber of the eye, accompanied by hyperalgesia. If left untreated, postoperative inflam-
mation can lead to suboptimal vision results or complications such as cystoid
macular edema (CME).

Dry eye syndrome has been described as multifactorial disease of the tears and
ocular surface that results in symptoms of discomfort, visual disturbance, and tear
film instability with potential damage to the ocular surface that is accompanied by
increased osmolarity of the tear film and inflammation of the ocular surface. It is
most prevalent among the elderly and postmenopausal women. Chronic dryness
of the surface of the eye can lead to neurogenic inflammation, activation of T
cells, and release of inflammatory cytokines into the lacrimal glands, tear fluid,
and conjunctiva. These inflammatory mediators are known to cause gradual dys-
function and destruction of the lacrimal glands and impairment of conjunctival
epithelium.

Literature evidences that oxidative stress is the primary initiating event that leads
to the inflammatory state of ocular surface. Thus, oxidative stress with associated
inflammatory process can trigger severe injury of retina, cornea, conjunctiva, and
lacrimal gland.
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8.2 Steroidal and Nonsteroidal Anti-inflammatory Agents
for Ocular Inflammation

Rajani Mathur

8.2.1 Corticosteroids

Corticosteroids have a broad mechanism of action. They inhibit phospholipase A2,
an enzyme that converts membrane phospholipids to arachidonic acid. Thus, the
inhibition of the cyclooxygenase and lipoxygenase pathways dramatically reduces
the formation of all eicosanoids, which are the active mediators of inflammation.
Corticosteroids effectively suppress both the early (capillary dilation, increased vas-
cular permeability, recruitment of leukocytes) and late (deposition of fibrin, prolif-
eration of inflammatory cells and chemokines) phases of inflammation.

Local corticosteroids may be used either topically (for anterior uveitis) or as
periocular and intravitreal injections, or as implant devices (for inflammation of
posterior segment) and remain the drugs of choice in management of ocular inflam-
mation. Systemic corticosteroids are reserved for chronic uveitis involving the pos-
terior segment, invariably affecting both eyes. However, chronic use of corticosteroid
therapies is known to cause glaucoma, cataract, impaired glucose tolerance, hyper-
tension, fluid retention, osteoporosis, mental disturbance, impaired wound healing,
gastrointestinal bleeding and perforation, thromboembolic disorders, and weight
gain. Of these, increased IOP is of most importance as it is understood to be due to
structural and biochemical changes in the trabecular meshwork leading to rise in the
resistance to aqueous humor outflow. The incidence of steroid-induced IOP eleva-
tion is quite high in as many as 18-36 % of users. Older corticosteroids, such as
prednisolone and dexamethasone, are associated with a greater impact on IOP com-
pared to newer corticosteroids. The limitations of chronic use of steroids, vis-a-vis
lack of efficacy and need for reinjections, have led to the development of novel
sustained-release intravitreal steroid delivery methods. These formulations have
lower dose of corticosteroids and, therefore, less secondary side effects.

Multiple formulations like oral prednisone, intravenous methylprednisolone
sodium succinate, topical prednisolone acetate or difluprednate, and intravitreal tri-
amcinolone are preferentially used as they offer the benefit of avoiding systemic
complications (Geltzer et al. 2013).

Recently, fluocinolone acetonide implant (Retisert) has been developed to
deliver corticosteroid for up to 30 months for chronic noninfectious posterior uve-
itis. Dexamethasone implant for intravitreal use (Ozurdex) has also been approved
by the FDA for the treatment of noninfectious posterior uveitis. It is available as
0.7 mg biodegradable implant that delivers extended release of dexamethasone
through solid polymer delivery system. Although dexamethasone and predniso-
lone acetate offer good anti-inflammatory efficacy, their use suffers from clinically
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significant increase in IOP (up to 10 mmHg). In contrast, corticosteroids such as
loteprednol etabonate, a novel C-20 ester-based derivative of prednisolone, offer
potent anti-inflammatory efficacy, with limited adverse impact on IOP. Loteprednol
etabonate (0.5 %) has been established as effective treatment of postoperative
inflammation and resolving anterior chamber cells and flare (Amon and Busin
2012).

Another prednisolone derivative, difluprednate with structural modifications that
include the addition of fluorine atoms at C-6 and C-9 positions, a butyrate ester at
the C-17 position, and acetate ester at the C-21 and C-20 ketone moiety, is signifi-
cantly effective in controlling secondary events of ocular inflammation like photo-
phobia, chemosis, and corneal edema. The incidence of clinically significant
increase in IOP is low.

The efficacy of loteprednol etabonate, rimexolone, and difluprednate in resolv-
ing ocular inflammation is similar. The difference lies in the degree of side effect
like corticosteroid-induced ocular hypertension and is often the determining factor
in clinical use.

8.2.2 Antimetabolites

Antimetabolites refer to a class or drugs which inhibit nucleic acid synthesis to
inhibit cell proliferation. Drugs belong to this class include methotrexate, azathio-
prine, and mycophenolate mofetil.

Methotrexate was first introduced in 1948 as an antineoplastic agent. It is a
folate analogue that acts by inhibiting dihydrofolate reductase. It interferes with
the synthesis of thymidylate and purine nucleotide, to inhibit the growth of rap-
idly dividing cells. The most serious side effects of methotrexate include hepato-
toxicity, cytopenias, and interstitial pneumonitis. Monitoring of liver function
tests is required during treatment. It is teratogenic and thus contraindicated in
pregnancy.

Azathioprine is widely used in organ transplantation, inflammatory bowel dis-
ease, systemic lupus erythematosus, and other autoimmune conditions. It is a pro-
drug of 6-mercaptopurine, a purine nucleoside analogue that interferes with DNA
replication and RNA transcription. It also inhibits actively dividing immune cells to
restrain inflammatory process.

Mycophenolate mofetil (MMF) is commonly used in management of organ
transplant rejection and other autoimmune conditions. Its mechanism of action is
selective inhibition of inosine-5-monophosphate dehydrogenase in the de novo
purine synthesis pathway. As B and T lymphocytes depend on the de novo pathway
for proliferation, its selective inhibition effectively curtails inflammatory state.
MMF has been shown to be effective in combination with steroids or another immu-
nomodulatory treatment as well as monotherapy.
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8.2.3 T-Cell Inhibitors

This class of agents includes cyclosporine, tacrolimus, and sirolimus.

Cyclosporine is an 11 amino acid peptide derived from fungus. Cyclosporine
acts by forming a complex with cyclophilin which binds calcineurin that then inhib-
its the cytosolic translocation of nuclear factors. Consequently, there is preferential
inhibition of antigen-triggered signal transduction of T lymphocytes. It is available
in two formulations, as oil-based gelatin capsules (Sandimmune, Novartis
Pharmaceuticals) and a microemulsion (Neoral, Novartis Pharmaceuticals).
Cyclosporine has been used safely in children with severe, sight-threatening uveitis.
The adverse effects of cyclosporine therapy include gastrointestinal upset, meta-
bolic abnormalities, paresthesias, tremor, gingival hyperplasia, and hirsutism.

Voclosporin is a calcineurin inhibitor that has been developed for the treatment
of uveitis. It has been shown to be more potent and less toxic than cyclosporine. In
extensive placebo-controlled clinical studies, voclosporin has been reported to
improve vitreous haze that is part of active posterior disease. It significantly reduced
eye inflammation but failed to meet the primary endpoint of all-cause therapeutic
failure. In the condition of anterior inflammation, voclosporin failed to establish
itself from placebo.

Tacrolimus or FK506 is a macrolide isolated from the soil fungus Streptomyces
tsukubaensis that was originally used in solid organ transplantation. It has a similar
mechanism of action to cyclosporine and binds to an intracellular binding protein,
FK-binding protein, that associates with calcineurin and thus inhibits activation of
T cells and production of cytokines.

Sirolimus (Rapamune) is another immunosuppressive drug. Its binds to
FK-binding protein-12 (FKBP-12) to form a complex that binds to and inhibits the
activation of the mammalian target of sirolimus (mTOR) to suppress cytokine-
driven T-cell proliferation.

8.2.4 Alkylating Agents

Cyclophosphamide and chlorambucil belong to the class of drugs called alkylating
agents as they act by alkylating DNA leading to DNA cross-linking and inhibition
of DNA synthesis. Although they were originally developed for the treatment of
cancers, they are now widely being used for management of rheumatologic condi-
tions. Owing to their serious, life-threatening side effects, their use is limited to
severe, sight-threatening uveitis.

Cyclophosphamide, a mustard gas derivative, alkylates the purines of DNA and
RNA resulting in cross-linking and impaired cell division. Thus, the number of
inflammatory cells like T and B lymphocytes is reduced.
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8.2.5 Biologic Agents

Conventional therapy with corticosteroids and immunosuppressive agents may not be
sufficient to control ocular inflammation or prevent non-ophthalmic complications in
refractory patients. Off-label use of biologic response modifiers has been studied as
primary and secondary line of therapy and reported to be very useful in such condi-
tions. Strategies for biologics employ formulating new drugs that target specific
receptors, cytokines, or signaling pathways (Pasadhika and Rosenbaum 2014).

8.2.5.1 Anti-Tumor Necrosis Factor-a (TNF-o)

TNF-a is a well-known proinflammatory cytokine that has been shown to play a key
role in pathogenesis of inflammatory diseases. Thus, inhibiting TNF-o with antibodies
has been a well-accepted strategy to suppress autoimmune uveitis (Karampetsou et al.
2010). TNF-a inhibitors include infliximab, a chimeric mAb, and adalimumab, a fully
humanized IgG1 mAb, against TNF-a (Verma et al 2013). Certolizumab pegol and
golimumab have only been recently introduced and there is limited clinical experience
with them. Other agents such as abatacept, canakinumab, gevokizumab, tocilizumab,
and alemtuzumab hold promise for the treatment of uveitis in the future. Systemic
administration of anti-TNF-o agents has shown encouraging preliminary results in
uveitic and diabetic cystoid macular edema and age-related macular degeneration.

Infliximab (Remicade) is a 149 kDa chimeric IgG1 monoclonal antibody com-
posed of human constant region of IgG1 and murine variable binding site for TNF-
a. It has been approved for use in rheumatoid arthritis, ankylosing spondylitis,
psoriatic arthritis, and plaque psoriasis and Crohn’s disease. It is well accepted for
management of various subtypes of refractory uveitis and retinal vasculitis, espe-
cially Behcet’s disease-related eye conditions and the uveitis associated with juve-
nile idiopathic arthritis. Infliximab in BD-associated uveitis is advocated as an
add-on therapy to DMARDs. The combination significantly reduced the frequency
of uveitis flares compared to administration of DMARDs alone.

Etanercept (Enbrel) is a fusion protein consisting of the binding part of the
human type II receptor of TNF-a linked to the Fc portion of IgGla. It is a blocker
of soluble TNF-a receptor that has also been investigated as subcutaneous injection
(25 mg/week). But it has been found to be less effective than infliximab or adalim-
umab in the treatment of uveitis. In retrospective study, when infliximab was com-
pared to etanercept, the number of recurrences and ocular inflammation was
improved with former as compared to latter.

Apremilast, a selective cytokine inhibitory drug, inhibits phosphodiesterase IV
and TNF-a production to suppress the immune response. It is currently in phase II
clinical trials for Behcet’s disease. As the drug is projected for oral administration,
the need for injection is circumvented and reduces cost considerably.

ESBA-105 is a topical anti-TNF-a single-chain antibody and possesses good
anterior and posterior intraocular penetration. It is under development for the treat-
ment of ocular conditions including uveitis and diabetic retinopathy.
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8.2.5.2 Cytokine Receptor Antibodies

Daclizumab is a humanized monoclonal antibody directed against the alpha subunit
of the interleukin-2 receptor (CD25) present on activated T cells. The drug is also
approved for management of renal allograft rejection and autoimmune diseases
such as multiple sclerosis and human T-cell leukemia virus-1-associated T-cell leu-
kemia. The drug can be administered as 1-2 mg/kg infusions every 2—4 weeks. Side
effects include rashes, edema, granulomatous reactions, viral respiratory infections,
elevated liver enzymes, and leukopenia.

Rituximab, a chimeric monoclonal antibody against CD20, a B-cell marker,
results in depletion of B cells. It was originally developed for the treatment of B-cell
lymphomas and now finding application in ocular inflammation.

MM-093, a recombinant human alpha-fetoprotein, has recently completed phase
II study for sarcoid or birdshot uveitis.

8.2.6 Antiangiogenic Therapy

Vascular endothelial growth factor (VEGF) is a potent vasoactive cytokine that is
involved in the breakdown of blood-retinal barrier and angiogenesis in the ischemic
retina. The VEGEF levels are significantly elevated in patients with DME and its
intravitreal concentration increases with the progression of DR. Antiangiogenic
therapy acts to reduce vascular permeability, reduce the breakdown of the blood-
retinal barrier, inhibit leukocyte adhesion to vascular walls, and inhibit VEGF gene
transcription and translation and therefore finds use in ocular inflammatory condi-
tions (Geltzer et al. 2013).

Bevacizumab (Avastin) and ranibizumab (Lucentis) are also monoclonal anti-
bodies to vascular endothelial growth factor (VEGF). Ranibizumab was designed
specifically for ocular use and received FDA approval for the treatment of choroidal
neovascularization in age-related macular degeneration. Bevacizumab is increas-
ingly finding off-label use for ocular diseases.

Ranibizumab (Lucentis), a recombinant humanized antibody fragment, is active
against all isoforms of VEGF-A and approved for the treatment of exudative AMD
and DME.

8.2.7 Blocking Oxidative Stress

As a key mediator in inflammation, oxidative stress serves as an important target for
anti-inflammatory therapy. The etiology of ocular inflammation involves free
radical-mediated oxidative damage, hypoxia, decreased blood supply to ocular tis-
sues, angiogenesis, increased vascular permeability, and leakage of vascular
contents.
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Flavonoids have been attributed with multi-thronged action including antioxi-
dant, antiangiogenic, reducing fluid retention, and strengthening capillary walls that
together contribute to anti-inflammatory activities. Bioflavonoids have been found
effective in the prevention and treatment of diabetic retinopathy, macular degenera-
tion, and cataract (Majumdar and Srirangam 2010). Some of the common bioflava-
noids that have been documented for their anti-inflammatory action are quercetin,
apigenin, hesperidin, hesperetin, luteolin, epigallocatechin gallate, epicatechin gal-
late, rutin, cyanidin, naringenin, myricetin, chrysin, eriodictyol, and kaempferol.

Flavanoids are hypothesized to act as antioxidant through various actions
such as:

(a) By scavenging the free radicals directly—Flavanoids are also known as
“quenchers” due to their low redox potential or high reactivity that may be
attributable to the presence of hydroxyl groups. Flavonoids are capable of
reducing the highly oxidizing free radicals (e.g., superoxide, peroxyl, alkoxyl,
and hydroxyl) to form stable, less-reactive radicals.

(b) By inhibiting the nitric oxide production—Nitric oxide (NO) is produced by
several types of cells including endothelial cells and macrophages. The inducible
nitric oxide synthase (iNOS) is understood to be responsible for the production
of high concentrations of NO during oxidative damage. Further, NO reacts with
free radicals to generate the highly reactive and damaging peroxynitrite.
Flavonoids through their free radical-scavenging properties can prevent the
generation of peroxynitrite. They also inhibit iNOS directly and thereby
decrease production of NO.

(c) By inhibiting certain enzymes—Flavonoids can inhibit the enzymes such as
xanthine oxidase and protein kinase C that are responsible for the production of
superoxide anions. They are also capable of inhibiting other enzymes involved
in ROS generation such as cyclooxygenase, lipoxygenase, microsomal mono-
oxygenase, glutathione S-transferase, mitochondrial succinoxidase, and NADH
oxidase.

(d) By chelating trace elements—Flavonoids are good chelaters of trace elements,
like free iron and copper, that are potential enhancers of ROS generation and
important in oxygen metabolism.

The major pharmacokinetic limitation of flavonoids is their poor oral bioavail-
ability due to poor intrinsic transmembrane diffusion characteristics, poor solubil-
ity, and intestinal and hepatic metabolism. The ocular bioavailability of the
flavonoids depends on the formulation and on the route of administration. When
administered by the oral route, diffusion of the hydrophilic metabolites from the
plasma into the neural retina is severely restricted by the blood-retinal barriers.

Curcumin is also reported for anti-inflammatory properties that are linked to its
ability to downregulate the expression of the IkBa gene; cyclooxygenase-2 gene
(COX-2); prostaglandin E2 (PGE2); interleukin-1, interleukin-6, and interleukin-8
(IL-1, IL-6, IL-8); and tumor necrosis factor-a (TNF-o). Curcumin also exhibits
antioxidant properties and was found useful in chronic anterior uveitis, diabetic
retinopathy, glaucoma, age-related macular degeneration, and dry eye syndrome
(Pescosolido et al 2014).
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8.2.8 Newer Strategies

Renin-angiotensin system (RAS) is well established in the pathogenesis of diabetes
and hypertension-induced retinal inflammation. Further, it also activates pathways
leading to oxidative stress and AGEs. Hence, blocking RAS is fast emerging as
promising target in the management of diabetic retinopathy. Specifically, blockade
of ATIR (losartan, candesartan) and angiotensin-converting enzyme inhibitor
(Enalapril) has been shown to prevent oxidative stress, inflammation, and vascular
damage in diabetic retinopathy. Further studies are ongoing to evaluate the clinical
benefits of blocking RAS in ocular inflammation.

8.3 Ocular Allergy and Its Pharmacotherapy

Renu Agarwal

8.3.1 Introduction

Allergic disorders of ocular surface are a group of immune-mediated inflammatory
reactions that generally involve conjunctiva, lids, lid margins and lacrimal system.
The cornea is relatively protected due to its anatomical, physiological, and immuno-
logical properties. Various clinical forms of ocular allergy include seasonal allergic
conjunctivitis (SAC), perennial allergic conjunctivitis (PAC), vernal keratoconjuncti-
vitis (VAC), atopic keratoconjunctivitis (AKC), giant papillary conjunctivitis, and
drug-induced or contact dermatoconjunctivitis. The acute forms of allergic conjuncti-
vitis, SAC and PAC, involve type I hypersensitivity reaction. On the other hand, more
chronic conditions such as VAC and AKC involve type IV hypersensitivity reactions.

The allergic reactions typically develop through 3 phases. The first phase of
“sensitization” begins upon exposure of ocular surface to allergens. The antigen-
presenting cells (APCs) in conjunctival epithelium such as dendritic cells phago-
cytize the allergen. After processing within APCs, the peptide fragments of
allergen are expressed on the cell surface in association with major histocompati-
bility complex (MHC) class II molecule. The allergen-MHC complex interacts
with T-helper (Th) cells causing their maturation to Th type 1 (Thl) or Th type 2
(Th2) cells, of which Th2 cells, in particular, play a significant role in allergic
response. APC-Th2 interaction results in production of cytokines, which interact
with naive B cells stimulating production of immunoglobulin E (IgE)-type anti-
bodies. IgE binds to its high-affinity receptors on the surface of basophils and mast
cells. Upon subsequent exposure to same allergen, its interaction with IgE on mast
cells and basophils results in increased membrane permeability to calcium ions
(Ca™) and subsequently, there is mobilization of Ca** from intracellular stores.
Significant amount of IgE-antigen interaction, hence, leads to degranulation of
mast cells and basophils releasing inflammatory mediators such as histamine,
serotonin, leukotriene C4, prostaglandin D2, platelet-activating factor, tryptase,
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chymase, cathepsin G, and other eosinophil and neutrophil chemoattractants.
These mediators lead to “early-phase reaction” often characterized by redness,
itching, and tearing. Exposure to large doses of allergen leads to more persistent
“late-phase reaction.” This reaction is associated with significant recruitment of
inflammatory cells, particularly the eosinophils. In the chronic form of ocular
allergy, mast cells also relocate from the substantia propria to the epithelial surface
of conjunctiva and play a significant role in the development of allergic reactions.
In both the early- and late-phase reactions, mast cells and basophils release hista-
mine, which is the major inflammatory mediator in ocular allergic reaction.

8.3.2 Histamine and Histamine Receptors

Histamine is a biologically active endogenous amine that affects the activity of a vari-
ety of cells. Histamine exerts its biological effects through specific G-protein-coupled
cell surface receptors that are of 4 types. H1 histamine receptors are ubiquitous in
distribution and play a central role in immune and inflammatory responses. Stimulation
of H1 receptors results in smooth muscle contraction except in vessels where they
cause vasodilation. In the eye, they have significant impact on sensory signaling
(Abelson and Schaefer 1993). H2 histamine receptors are predominantly present in
gastrointestinal mucosa. To a lesser extent, they are also present in the blood vessels,
myocardium, mast cells, and brain. In the eye, H2 receptors are almost exclusively
located in association with blood vessels and, hence, have a greater impact on the red-
ness rather than the itching associated with conjunctivitis (Abelson and Udell 1981).
H3 histamine receptor is expressed throughout the central nervous system and acts
primarily to modulate the function of other signaling molecules such as GABA, sero-
tonin, and dopamine (Esbenshade et al. 2008). It has also been found in nasal mucosa
and may play a role in rhinoconjunctivitis (Yokota et al. 2008). H4 histamine receptor
is expressed primarily in immune cells such as mast cells and leukocytes and is
involved in inflammation and allergy. It has been shown to play a role in chemotaxis
and cytokine production during inflammatory reactions (Leite-de-Moraes et al. 2009).
It is also expressed by some T cells, including CD4+ T cells (Saravanan et al. 2011).
In the eye, H4 receptors are co-localized with H1 receptors and may be as important
as H1 receptors in mediating ocular allergic responses (Thurmond et al. 2008).

8.3.3 Treatment of Ocular Allergies

Aim of the treatment in ocular allergies is to provide symptomatic relief, to alleviate
the underlying cause and to treat complications in severe forms of allergy. Patients
are advised to avoid contact with allergen, if it is known. Cold compresses help in
relieving pruritus. Patients are also advised to keep the topical medications refriger-
ated as the cold drops provide symptomatic relief. Tear substitutes are prescribed as
they provide relief by diluting and/or washing out the allergen and inflammatory
mediators from ocular surface.
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Several groups of drugs are used in the treatment of ocular allergies. Use of topi-
cal NSAIDs and corticosteroids has previously been discussed. Ocular deconges-
tants are used to whiten the eye and provide rapid relief. Considering the role of
mast cells, basophils, and histamine in ocular allergy, antihistamines, mast cell sta-
bilizers, and drugs with dual action form the mainstay of treatment.

8.3.3.1 Ocular Decongestants

Topical sympathomimetics are used as ocular decongestants. They relieve hyper-
emia, watering, and irritation by causing local vasoconstriction. The commonly
used drugs in this class are phenylephrine and imidazole derivatives.

Phenylephrine

Phenylephrine is a direct-acting a-adrenoreceptor agonist (refer Chap. 6 for detailed
pharmacology). The ophthalmic preparations of phenylephrine are available in the
concentration range of 0.12-10 %. Concentrations greater than 0.125 % cause
mydriasis and are used for dilating the pupil. At 0.125 and 0.12 % concentration,
phenylephrine produces little or no effect on pupil (Kubo et al. 1975) but does pro-
duce vasoconstriction of the conjunctival vessels. Hence, at this concentration, it is
used as ocular decongestant. It can also be added to other medications such as anti-
histamines and antibiotics. Use of phenylephrine requires caution, particularly in
those with angle-closure glaucoma.

The ophthalmic solution of phenylephrine is clear and colorless; however, it
turns darker with time upon exposure to air, light, and heat due to oxidation. Such
oxidized solutions should not be used. It is also important to follow manufacturer’s
instructions regarding expiry dates as the solution may lose activity even before any
visible color change.

The topical side effects such as pain, stinging, and lacrimation are more common
at higher concentrations of phenylephrine. It can cause rebound conjunctival con-
gestion. Systemic absorption of significant amount of phenylephrine can cause
hypertension, headache, tachycardia or reflex bradycardia and blanching of skin. It
has also been reported to cause dermatoconjunctivitis.

Imidazole Derivatives

Imidazole derivatives include naphazoline, tetrahydrozoline, and oxymetazo-
line. They cause constriction of conjunctival vessels due to a-adrenoreceptor
agonistic action and hence are used as ocular decongestants. Naphazoline 0.1 %
causes constriction of superficial conjunctival vessels without significantly
affecting deeper scleral vessels. It may slightly dilate the pupil but does not
affect the accommodation. Oxymetazoline 0.25 % has been shown to relieve the
symptoms of allergic conjunctivitis effectively (Duzman et al. 1986) and the
relief may last for 6 h. Tetrahydrozoline 0.1 and 0.05 % also provides rapid
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relief of symptoms without affecting the pupil size and intraocular pressure
(Grossmann and Lehman 1956; Menger 1959).

Few studies have compared the effects of different decongestants. In one of the
studies involving 20 patients with nonspecific allergic conjunctivitis, 0.01 % oxy-
metazoline was found to be superior to 0.01 % naphazoline in relieving the symp-
toms of conjunctivitis (Nayak et al. 1987). However, naphazoline 0.2 % produced
greater conjunctival blanching compared to tetrahydrozoline 0.05 % and phenyl-
ephrine 0.12 % (Abelson et al. 1980). A significant difference favoring oxymetazo-
line was also observed for the duration of action (Rybiczka and Mauracher 1983).

The topical application of the above agents has been reported to cause significant
systemic adverse effects such as change in heart rate or blood pressure. Ocular side
effects such as pupillary dilation and increase in intraocular pressure may occur
with naphazoline. Prolonged and repeated use of these agents may cause ocular
xerosis. Rebound congestion with the use of these agents has not been reported.

8.3.3.2 Antihistamines

H1 antihistamines are particularly useful in the treatment of ocular allergies. H1
antihistamines are now considered to act as inverse agonists and not, as previously
thought, as antagonists of histamine. Stimulation of the H1 receptor, a Gg/11-
coupled GPCR, classically activates inositol phospholipid signaling pathways
resulting in formation of inositol triphosphate and diacylglycerol which leads to an
increase in intracellular calcium. H1 antihistamines prevent the effects of H1 recep-
tor stimulation by inhibiting activation of the intracellular signaling pathways. They
also modulate the activity of transcription factor NF-xB, inhibit intracellular adhe-
sion molecule-1 (ICAM-1) expression and the effects of bradykinin (Leurs et al.
2002).

H1 antihistamines are grouped into two classes: first-generation (older) drugs
and second-generation (newer) drugs. The major differentiating property of the two
groups of H1 antihistamines is their ability to cross blood-brain barrier (BBB).
First-generation drugs easily cross BBB and hence cause CNS-related adverse
effects. Second-generation drugs are largely devoid of CNS-related adverse effects
as they do not cross BBB. Additionally, first-generation drugs also block other auto-
nomic receptors and hence cause a range of other adverse effects. The topical route
is the preferred choice for the treatment of ocular allergies as it directly delivers the
drugs to target site, shortening the onset of action. Additionally, smaller concentra-
tions of drugs are required compared to systemic administration.

Topical Antihistamines

The most widely used first-generation topical antihistamines are antazoline (0.5 %) and
pheniramine (0.3 %). Levocabastine (0.05 %) and emedastine (0.05 %) are the second-
generation antihistamines available for topical use. Often, they are used in combination
with sympathomimetics. After topical application, they spread in the precorneal tear
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film and get distributed to conjunctiva and cornea. They may be absorbed systemically
through conjunctival vessels and through nasal and oropharyngeal mucosa.

These agents effectively control hyperemia and itching. The efficacy of emedas-
tine and levocabastine in the prevention and treatment of allergic conjunctivitis has
been assessed. It was observed that both drugs are significantly more effective than
placebo and emedastine was more effective than levocabastine (Verin et al. 2001).

Topical antihistamines are generally well tolerated. They may cause transient burning
or stinging upon instillation, eyelid edema, and ocular irritation. They may also cause
bad taste, blurred vision, corneal infiltrates, corneal staining, dermatitis, dry eye, foreign
body sensation, hyperemia, keratitis, pruritus, rhinitis, sinusitis, and tearing. Systemic
adverse effects after local application are not common; however, indiscriminate use may
result in the adverse effects as seen with the administration of oral antihistamines.

Oral Antihistamines

Several oral antihistamines, both first and second generation, are available for treat-
ment of ocular allergies; however, due to unfavorable therapeutic index of first-
generation agents, second-generation antihistamines are the preferred class (del
Cuvillo et al. 2006). The second-generation antihistamines that have commonly
been used include levocetirizine, desloratadine, rupatadine, ebastine, cetirizine,
loratadine, fexofenadine, and mizolastine.

Oral antihistamines are well absorbed from gastrointestinal tract. They are
widely distributed and achieve the peak plasma concentration in 1-2 h. Symptomatic
relief may appear in 30 min—1 h and the effect generally lasts for 12 h or more. The
effects of first-generation agents are short lasting. First-generation agents cross the
BBB, whereas second-generation agents do not cross BBB due to their poor
lipophilicity and also because they are substrates of P-glycoprotein reverse trans-
porter in BBB. They are metabolized by cytochrome P450 enzymes and the metabo-
lites are excreted in urine within 24 h. Metabolites of some agents, like hydroxyzine,
terfenadine, and loratadine, retain the activity of parent compounds.

Oral antihistamines may be particularly useful in patients with rhinoconjunctivi-
tis. Although topical antihistamines administered to ocular surface may also be
used, oral antihistamines more effectively relieve the nasal symptoms (Spangler
et al. 2003; Crampton 2003). All of them have been shown to effectively relieve the
symptoms of perennial and seasonal rhinoconjunctivitis. Ebastine was shown to be
more effective than loratadine in relieving symptoms of seasonal allergic rhinocon-
junctivitis (Ratner et al. 2005). The safety of desloratadine, rupatadine, ebastine,
and mizolastine in children is not established.

The adverse effect profile of second-generation antihistamines is considerably
better than first-generation agents. As the second-generation agents do not cross
BBB, hence, sedation is not a common adverse effect. Antimuscarinic side effects
such as dry mouth, blurred vision, constipation, and retention of urine are also less
likely with second-generation agents. However, elderly and those with benign
hypertrophy of prostate may require caution due to the risk of urinary retention.
Generally, second-generation agents are devoid of troublesome adverse effects.
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8.3.3.3 Mast Cell Stabilizer

Mast cell stabilizers act by stabilizing the mast cell membrane and preventing
release of histamine and slow-reacting substance of anaphylaxis (SRS-A). These
agents bind with the calcium transporter on the surface of mast cells and inhibit
binding of calcium with this transporter which is essential for the release of hista-
mine and other mediators after antigen-antibody interaction. There may also be
additional mechanisms of action of mast cell stabilizers such as phosphorylation of
membrane proteins essential for degranulation and release of mediators.

Disodium cromoglycate was the first mast cell stabilizer used in clinical practice. It
is not absorbed from gastrointestinal tract after oral administration and hence is admin-
istered topically as 4 % eyedrops. It is well distributed in the precorneal tear film and
also penetrates the conjunctival epithelium and substantia propria. Systemic absorp-
tion following repeated instillation is negligible. Other mast cell stabilizers that are
used in clinical practice include nedocromil sodium (2 %), lodoxamide (0.1 %), and
pemirolast (0.1 %). Their mechanism of action is similar to disodium cromoglycate.

Since mast cell stabilizers inhibit the release of histamine even upon exposure of
sensitized cells to antigens, they are primarily used for prophylaxis. Disodium cro-
moglycate 4 % requires administration of 1-2 drops four to six times daily.
Lodoxamide (0.1 %) and pemirolast (0.1 %) are administered as 1-2 drops four
times daily, whereas nedocromil sodium (2 %) is administered twice daily.

Systemic adverse effects of mast cell stabilizers are uncommon because they are
not absorbed systemically. Headache, however, may occur especially with pemirolast.
They may cause local adverse effects such as mild and transient irritation, redness,
and ocular and periocular itching. Mast cell stabilizers are contraindicated in patients
who are allergic to drug or any other constituent of the topical preparation.

8.3.3.4 Dual-Action Agents

Introduction of dual-action drugs was an important step forward in the treatment of
ocular allergies. Since the dual-action drugs combine the histamine receptor-
blocking and mast cell-stabilizing effects, they not only relieve the symptoms but
can also prevent the further occurrence of allergic episodes. The drugs available
from this class for topical use include azelastine 0.05 %, epinastine 0.05 %, ketoti-
fen 0.025 %, and olopatadine 0.1 %. Among all, ketotifen is the only drug available
as unit dose without preservatives and hence is most suitable for contact lens wear-
ers, although olopatadine has also been successfully used to treat allergic conjunc-
tivitis in contact lens wearers (Brodsky et al. 2003).

Emedastine and ketotifen were found to be equally effective in relieving itching
(Verin et al. 2001; D’ Arienzo et al. 2002) and the efficacy of both of them has been
shown to outperform levocabastine (Kidd et al. 2003). Olopatadine was found to be
more effective than azelastine for relief of itching (Spangler et al. 2001). However,
when compared to ketotifen, olopatadine showed no significant differences
(Avunduk et al. 2005) but patient preferences were found to be in favor of olopata-
dine due to convenience of dosing (Leonardi and Zafirakis 2004). When compared
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with epinastine and levocabastine, olopatadine was found to have higher efficacy in
relieving the redness and itching (Lanier et al. 2004; Abelson and Greiner 2004).

Headache, burning, and irritation are common side effects of dual-action drugs.
They may also cause foreign body sensation, dry eyes and itching in and around the
eyes. Systemic adverse effects are not seen with these drugs as the systemic absorp-
tion is minimal.
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Chapter 9
Antiangiogenic Agents and Photodynamic
Therapy

Atul Kumar, S.N. Mohanraj, Kavitha Duraipandi, and Anuradha V. Pai

Abstract Diabetic retinopathy, Age Related Macular Degeneration (ARMD) and
Retinopathy of Prematurity(ROP), are few of the many pathological conditions
which are vision threatening. Their classical feature is neovascularization.
Angiogenic factors such as VEGF, PEDF, Tyrosine Kinase etc., have a significant
role in the causation of angiogenesis in the hypoxic areas of the ocular tissues. This
chapter covers the causative factors of ocular angiogenesis and the possible pharma-
cological intervention to inhibit these factors in order to improve the vision of the
patients. This chapter also deals with the possible benefits of the photodynamic
therapy in the ocular neovascularisation.
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9.1 Antiangiogenic Agents

Atul Kumar, S.N. Mohanraj, Kavitha Duraipandi

9.1.1 Introduction

Angiogenesis is the formation of new blood vessels from preexisting vessels. It is a
normal process in growth and development as well as in wound healing. However,
this process can occur in pathological conditions such as in transition of tumors
from dormant to malignant state. The process of angiogenesis is tightly regulated by
balance of two sets of counteracting cellular signaling molecules: angiogenic
activators and inhibitors. Vascular Endothelial Growth Factor (VEGF) is one of the
principal molecules among a large number of proangiogenic growth factors that
induce migration, proliferation, and formation of tubes by endothelial cells of the
basal lamina.

Ocular angiogenesis is the hallmark of many ocular diseases like diabetic reti-
nopathy (DR), vascular occlusions, age-related macular degeneration (ARMD),
and retinopathy of prematurity (Campochiaro and Hackett 2003; Gariano 2003;
Gariano and Gardner 2005; Witmer et al. 2003). The major trigger for angiogenesis
in these conditions is tissue hypoxia which arises due to compromised vascular
supply that cannot cope up to high metabolic demand of associated neuronal tissue.
This condition is further aggravated by oxidative stress and inflammatory
mediators.

As in generalized angiogenesis, vascular endothelial growth factor (VEGF) plays
a major role in the process of retinal neovascularization (Blaauwgeers et al. 1999;
Gariano and Gardner 2005; Witmer et al. 2003). VEGF is mainly released by Muller
cells, the retinal pigment epithelium (RPE), astrocytes, ganglion cells, and endothe-
lial cells. Muller cells and astrocytes are the largest sources of VEGF in hypoxic
conditions (Gerhardt et al. 2003; Gogat et al. 2004; Patan 2000).

Angiogenesis is known to occur in a series of stages with immediate early events
caused due to growth factors and signaling, followed by early events that comprise
of change in genetic programming of vascular cells, followed by invasive angiogen-
esis culminating in a resolution stage wherein cells revert to their quiescent stage.
The process of angiogenesis is an orderly set of events as follows (Cheresh and
Stupack 2008):

1. The blood vessels providing nutrients and oxygen throughout the body are
composed of an inner lining of endothelial cells that completely encircle the
lumen. The basal lamina surrounds the endothelial cells and pericytes (Hynes
1992). Pericytes are responsible for regulating endothelial cell proliferation,
survival, migration, differentiation, and vascular branching via selective inhibi-
tion of endothelial cell growth (Hellstrom et al. 2001). The basal lamina pro-
vides mechanical support for cell attachment, serves as a substrate for cell
migration, separates adjacent tissue, and acts as a barrier for the passage of
macromolecules (Hynes 1992).
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2.

10.

In healthy adults, a balance of growth factor signaling keeps endothelial cells
in a quiescent or resting state to monitor and supply sufficient amounts of
oxygen to surrounding tissues. To achieve this, blood vessels have receptors
for sensing oxygen and hypoxia that allow minute-to-minute readjustment
of vessel diameter (to adjust the blood flow) to keep pace with oxygen
demand.

Hypoxia or endogenous signals induce the release of signaling factors (such as
VEGF, bFGF, Ang-2, and chemokines) to promote endothelial cell migration
(Rousseau et al. 2000).

As aresult, there is disruption of endothelial cell junctions leading to vascular
permeability. As a result, various plasma-borne components leak into local
interstitial tissues (Lamalice et al. 2007).

Consequently, pericytes detach from the vessel (Ang-2 signaling), and as the
vessel dilates, endothelial cells lose their contact with the basal lamina.

This is followed by coordinated cytoskeletal remodeling and disruption of cell-
cell junctions: this is assisted by signaling factors such as neuropilin, VGEF/
VGEFR, NOTCH/DLLA4, and JAGGED1 which release matrix metalloprote-
ases (MT1-MMP) to degrade the basement membrane and remodel the extra-
cellular matrix.

New focal contacts (tip cells) are formed which extend numerous filopodia (via
semaphorin, ephrin, and integrin guidance signals) toward angiogenic stimuli
(VEGF gradient).

Stalk cells follow the tip cell and proliferate and extend the sprout. Proliferating
stalk cells establish junctions with neighboring endothelial cells and release
molecules such as EGFL7 (an endothelial cell chemoattractant expressed by
proliferating endothelial cells) that bind to extracellular membrane components
and regulate vascular lumen formation.

Fusion of neighboring branches occurs when two tip cells encounter each
other, establish EC-EC junctions (VE-cadherin, Ang-1), and form a continuous
lumen. Extracellular matrix is deposited to establish a new basement membrane
(TIMPs), endothelial cell proliferation ceases, and pericytes are recruited to
stabilize the new vessel (PDGFR/PDGF-B, Ang-1).

Once blood flow is established, the perfusion of oxygen and nutrient reduces
angiogenic stimuli (VEGF expression) and inactivates endothelial cell oxygen
sensors, reestablishing the quiescent state of the blood vessel (Cheresh and
Stupack 2008).

9.1.2 Factors that Modulate Angiogenesis

Angiogenesis is controlled by a number of growth factors and inhibitors. Some of
the well-known angiogenic (stimulatory) growth factors are angiogenin, angiopoi-
etin-1, Del-1, and fibroblast growth factors: acidic (aFGF) and basic (bFGF), fol-
listatin, granulocyte colony-stimulating factor (G-CSF), hepatocyte growth factor
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(HGF)/scatter factor (SF), interleukin-8 (IL-8), leptin, midkine, placental growth
factor, platelet-derived endothelial cell growth factor (PD-ECGF), platelet-derived
growth factor-BB (PDGF-BB), pleiotrophin (PTN), progranulin, proliferin,
transforming growth factor-alpha (TGF-alpha), transforming growth factor-beta
(TGF-beta), tumor necrosis factor-alpha (TNF-alpha), and vascular endothelial
growth factor (VEGF)/vascular permeability factor (VPF).

Angiogenic inhibitors are angioarrestin, angiostatin (plasminogen fragment),
antiangiogenic antithrombin III, arrestin, chondromodulin, canstatin, cartilage-
derived inhibitor (CDI), CD59 complement fragment, endostatin (collagen XVIII
fragment), endorepellin, fibronectin fragment, fibronectin fragment (anastellin),
Gro-beta, heparinases, heparin hexasaccharide fragment, human chorionic gonado-
tropin (hCG), interferon alpha/gamma, interferon-inducible protein (IP-10), inter-
leukin-12, kringle 5 (plasminogen fragment), metalloproteinase inhibitors (TIMPs),
2-Methoxyestradiol, PEX, pigment epithelium-derived factor (PEDF), placental
ribonuclease inhibitor, plasminogen activator inhibitor, platelet factor-4 (PF4), pro-
lactin 16kD fragment, proliferin-related protein (PRP), prothrombin kringle 2, reti-
noids, soluble Fms-like tyrosine kinase-1 (S-Flt-1), targeting fibronectin-binding
integrins, tetrahydrocortisol-S, thrombospondin-1 (TSP-1) and -2, transforming
growth factor-beta (TGF-b), troponin I, tumstatin, vasculostatin, and vasostatin
(calreticulin fragment)

9.1.3 Angiogenesis in Disease

In various disease conditions, dysregulated angiogenesis has been seen.
Angiogenesis-dependent diseases result when new blood vessels either grow exces-
sively or insufficiently. Excessive angiogenesis occurs in diseases such as cancer,
ischemic heart or limbs, rheumatoid arthritis, psoriasis, peptic ulcers, bowel atre-
sias, vascular malformations, hemangiomas, diabetic blindness, age-related macu-
lar degeneration, and more than 70 other conditions. As a result, diseased cells and
tissue produce abnormal amounts of angiogenic growth factors, overwhelming the
effects of natural angiogenesis inhibitors. New blood vessels grow and feed dis-
eased tissues; new vessels are abnormal and leaky and can destroy normal tissues.
In the case of cancer, the abnormal vessels allow tumor cells to escape into the
circulation and lodge in other organs (tumor metastases). Antiangiogenic therapies,
aimed at halting new blood vessel growth, are used to treat these conditions.
Insufficient angiogenesis occurs in diseases such as coronary artery disease, stroke,
and chronic wounds. In these conditions, blood vessel growth is inadequate, and
circulation is not properly restored, leading to the risk of tissue death. Insufficient
angiogenesis occurs when tissues do not produce adequate amounts of angiogenic
growth factors. Therapeutic angiogenesis therapies, aimed at stimulating new
blood vessel growth with growth factors, are being developed to treat these
conditions.
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9.1.4 Types of Pathological Angiogenesis

Pathological ocular angiogenesis is classified into two major forms: preretinal
angiogenesis, arising from the retinal vessels, and subretinal (or choroidal neovas-
cularization) angiogenesis, arising from the choriocapillaris.

Preretinal angiogenesis generally develops during vascular occlusion (where
there is capillary non-perfusion along with ischemia) in conditions like diabetic reti-
nopathy wherein VEGF is secreted by the RPE, Muller cells, and astrocytes. During
this condition, abnormal vessels breech the internal limiting membrane of the retina
and breakthrough into the vitreous cavity. These vessels in the vitreous cavity acquire
fibrous component and form fibrovascular membrane that bleed leading to severe
vision loss. Fibrovascular membranes also cause tractional retinal detachment when
not treated adequately by retinal photocoagulation. When the retinal ischemia is
global, angiogenesis and scarring occur in the anterior chamber angle of the iris and
cause neovascular glaucoma which responds poorly to antiglaucoma medications.

Subretinal neovascularization is associated with pathological changes in the reti-
nal pigment epithelium, Bruch’s membrane, and the choriocapillaris. Any breech in
the Bruch’s membrane triggers the healing response in the form of neovasculariza-
tion. Oxidative stress, local inflammatory mediators, and hypoxia also play an
important role in the sequence of events. The exact role of each of these contributory
factors is yet to be ascertained. Subretinal neovascularization can develop either
between the retinal pigment epithelium and Bruch’s membrane (occult choroidal
neovascularization), or between the retinal pigment epithelium and the neurosen-
sory retina (classic choroidal neovascularization).

Subretinal neovascularization can regress, leaving an area of retinal atrophy, or
can progress to be ultimately replaced by fibrotic scar over a period of time.
Neovascular membranes can also bleed producing massive subretinal hemorrhage
which can break through the internal limiting membrane into the vitreous cavity.
Ultimately, the overlying neuroretina will degenerate, leading to loss of central
vision, contrast sensitivity, and color vision.

In this chapter, we discuss various antiangiogenic agents which inhibit the vas-
culogenesis cascade at different steps. These include the ones which have been
approved for clinical use, the ones which are used off label, and the ones still under-
going trials.

9.1.5 Tyrosine Kinase Inhibitors

The PI3K/AKT/MTOR (phosphoinositide 3 kinase/Akt/mammalian target of
rapamycin) pathway is an intracellular signaling pathway important in regulating
cell cycle. Second-generation inhibitors of PI3K/Akt/mTOR pathway have been
found to be efficacious in managing various stages of disease progression in DR
thus presenting a unique opportunity for the management of neovascularization.
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During early stages of neovascularization, mTOR inhibitors suppress HIF-1a
and VEGF thus preventing leakage and breakdown of the blood-retinal barrier.
These inhibitors impart a pronounced inhibitory effect on inflammation (which is an
early component with diverse ramifications) influencing the progression of DR.
mTOR inhibitors suppress IKK and NF-kB along with downstream inflammatory
cytokines, chemokines, and adhesion molecules. These inhibitors also suppress sev-
eral growth factors that play pivotal roles in the induction of pathological angiogen-
esis (Jorge and David 2011).

Inhibition of the PI3K/Akt/mTOR pathway that disrupts the Akt-RhoB interac-
tion is postulated to promote endothelial cell death based on experimental evidence
(Adini et al. 2003). Prevention of endothelial cell proliferation and enhancement of
endothelial cell apoptosis could serve as a treatment modality to delay or prevent
progression of vasculopathies as observed in diabetic retinopathy since enhanced
migration of endothelial cells is a requirement for neovascularization to occur.

Sirolimus (MacuSight, Union City, Calif, USA) and Palomid 529 (Paloma
Pharmaceuticals, Inc. Jamaica Plain, Mass, USA) and everolimus (Novartis) are
currently being evaluated in NIH-sponsored trials for ocular indications. Sirolimus
is in phase II trial to treat diabetic macular edema and advanced ARMD. Palomid
529 is being evaluated for ARMD (Clinical Trial 2008; Sherris 2007). Everolimus
in combination with ranibizumab is in phase II trial for patients with wet
ARMD. However, several adverse events have been reported with the tyrosine
kinase inhibitors particularly in diabetics such as gastrointestinal effects (Soefje
et al. 2011), hematological (Sofroniadou and Goldsmith 2011), decreased glucose
tolerance, hyperglycemia, and hypertriglyceridemia (Majewski et al. 2004).
Cutaneous and oral ulceration with delayed wound healing (Mills et al. 2008), renal
toxicity (Letavernier and Legendre 2008), and infertility (Boobes et al. 2010) have
also been reported. However, these adverse events have been found to be reversible
and medically manageable.

9.1.6 Small Interfering RNA (siRNA)

Small interfering RNA (siRNA) is another approach that is used to inhibit VEGF
expression. PF-655 is a synthetic siRNA known to inhibit the expression of DNA
damage-inducible transcript 4 protein (DDIT4; also known as RTP801) associated
with pathological retinal neovascularization in animal models (Brafman et al. 2004).
Expression of RTP801 is rapidly upregulated in response to ischemia, hypoxia, and/
or oxidative stress. The mechanism of action of PF-655 is different from that of dif-
ferent types of VEGF inhibitors (Shoshani et al. 2002). Intravitreal injection of
PF-655 in preclinical animal models of laser-induced choroidal neovascularization
(CNV) has been found to inhibit RTP801 expression and induce expression of anti-
angiogenic and neurotrophic factors leading to subsequent reduction of CNV vol-
ume, vessel leakage, and infiltration of inflammatory cells into the choroid. It is
currently in phase II trials for diabetic macular edema and wet ARMD (clinical trial).
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Bevasiranib is a naked, 21-nucleotide-long siRNA that specifically targets
VEGE. Upon introduction into the cell, this siRNA binds to and activates the RNA-
induced silencing complex (RISC). The RISC in turn targets and degrades mRNA
molecules that are complementary to the introduced siRNA. A single activated
RISC complex can bind to and destroy hundreds of mRNAs, thus preventing trans-
lation and protein synthesis (Liu et al. 2010).

Bevasiranib is known to downregulate VEGF-A mRNA. However, this drug has
failed to achieve the expected endpoint of “stabilization of vision” in treated indi-
viduals. This could be because siRNAs need to be formulated to achieve cell perme-
ation in order to cause bona fide RNA interference. They also need to be modified
to avoid off-target effects and recognition of their nucleotide structure by the innate
immune system (Hornung et al. 2005; Kleinman et al. 2008; Sledz et al. 2003).

9.1.7 Pigment Epithelium-Derived Factor (PEDF)

PEDF is one of the most potent known antiangiogenic proteins found in humans.
Ad(GV)PEDFE.11D, is an E1-, partial E3-, E4-deleted replication-deficient, adenovi-
rus serotype 5, gene transfer vector. The transgene in this vector is cDNA for human
pigment epithelium-derived factor (PEDF). While Ad(GV)PEDFE.11D is able to
transduce many somatic cell types, the natural barrier to other tissues created by the
retina limits the ability of Ad(GV)PEDFE.11D to affect tissues other than in the eye.

Intravitreal administration of Ad(GV)PEDEF.11D provides a convenient means of
delivering PEDF to the relevant cells within the eye that is likely to result in a more
prolonged duration of effect than administration of the PEDF protein alone
(Rasmussen et al. 2001). Pigment epithelium-derived factor (PEDF) has an antago-
nistic effect on endothelial cell proliferation and migration, and its levels are
decreased in ARMD (Bhutto et al. 2008; Dawson et al. 1999; Holekamp et al. 2002).
Aphaselclinical trial has been initiated using an adenoviral vector (AdGVPEDEF.11D)
to deliver PEDF via intravitreal injections.

9.1.8 Anti-VEGF Agents

Vascular endothelial growth factor (VEGF), also known as vascular permeability
factor (VPF), is a signal protein produced by cells under normal as well as
pathological conditions like hypoxia, ischemia, and neoplasia. VEGF stimulates
vasculogenesis and angiogenesis. It is a part of the system that attempts to restore
the oxygen supply to tissues under hypoxic and ischemic conditions. Serum
concentration of VEGF has been found to be high in bronchial asthma and diabetes
mellitus (Cooper et al. 1999).

The VEGF family in mammals comprises of five different molecules, namely,
VEGF-A, placenta growth factor 1 and 2 (PGF- 1 and 2), VEGF-B, VEGF-C, and
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VEGF-D. VEGF-A acts mostly on cells of the vascular endothelium. It also has
effects on a number of other cell types like monocytes and macrophages stimulating
their migration in neurons, cancer cells, and kidney epithelial cells. In vitro,
VEGF-A has been shown to stimulate endothelial cell mitogenesis and cell migra-
tion. VEGF-A is also vasodilator and increases microvascular permeability and was
originally referred to as vascular permeability factor. There are several isoforms of
VEGF-A, including VEGF-A121, VEGF-A145, VEGF-A148, VEGF-A183,
VEGF-A189, and VEGF-A206; the best characterized proangiogenic isoform of
VEGEF is VEGF-A165 (Harper and Bates 2008; Nowak et al. 2010).

Monoclonal antibodies against VEGF were first developed as an intravenous treat-
ment for metastatic colorectal cancer (Homsi and Daud 2007; Los et al. 2007). The
three available anti-VEGF agents for intravitreal use are bevacizumab (Avastin) and
ranibizumab (lucentis) and pegaptanib. Ranibizumab is a shorter 48-kDa antibody
fragment (x isotype) that binds to the receptors of biologically active VEGF-A,
including VEGF-110. It blocks the binding of VEGF-A to VEGR receptors, VEGFR1
and VEGFR?2 receptors on endothelial cells (Patan 2000). Bevacizumab, however, is
a larger whole antibody of 149 kDa and possesses two antigen-binding domains for
its receptors Flt-1 and KDR. It binds to all isoforms of VEGF7. Pegaptanib sodium is
a 50-kDa aptamer, a pegylated modified oligonucleotide that adopts a specific 3D
configuration and has a high affinity for extracellular VEGF-165, the isoform of
VEGF-A implicated in ocular angiogenesis (Eyetech Study Group 2002).

The difference in molecular weights of these molecules may determine their
potential difference in efficacy and their duration of action. Detailed safety profiles
and risks of adverse effects are now available for these agents as they have been
used extensively in patients for the treatment of ARMD, diabetic macular edema,
and retinal vascular occlusions (Tolentino 2011). Furthermore, the incidence of
raised IOP and development of lens opacity with anti-VEGF agents is negligible
when compared with intravitreal steroid injections (Jager et al. 2004; Sampat and
Garg 2010).

9.1.9 VEGF Trap

It’s a fusion protein comprised of segments of the extracellular domains of human
vascular endothelial growth factor receptors 1 (VEGFR1) and 2 (VEGFR2) fused to
the constant region (Fc) of human immunoglobulin G1 (IgG1) with potential anti-
angiogenic activity. Aflibercept acts as a soluble decoy receptor, binds to proangio-
genic vascular endothelial growth factors (VEGFs), thereby preventing VEGFs
from binding to their cell receptors.

Aflibercept binds to circulating VEGFs and acts like a “VEGF trap” (Stewart 2012).
It thereby inhibits the activity of the vascular endothelial growth factor subtypes
VEGF-A and VEGF-B, as well as to placental growth factor (PGF), inhibiting the
growth of new blood vessels in the choriocapillaris (Saishin et al. 2003). VEGF trap has
been found to be beneficial in ARMD (Cho et al. 2013) and diabetic macular edema
(Korobelnik et al. 2014). Aflibercept has been approved by the FDA for the manage-
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ment of ARMD since Nov 2011 and DME from July 2014 (FDA-approved aflibercept
for diabetic retinopathy in patients with diabetic macular edema in March 2015).

9.1.10 VEGEF Inhibitors: AAV2-sFLT01

AAV2-sFLTO1 is an adeno-associated virus (AAV) (Maclachlan et al. 2011) that
expresses a modified soluble Flt1 receptor designed to neutralize the proangiogenic
activities of vascular endothelial growth factor (Maclachlan et al. 2011; Takahashi
et al. 2009) (VEGF) AAV2-sFLTO01 which produces a soluble VEGFRI1 that can
bind to free VEGF (Ambati et al. 2006; Kendall and Thomas 1993) to interrupt
VEGF signaling. VEGF-A binds primarily to VEGFR1 and VEGFR2, both of which
are tyrosine kinases (Ferrara et al. 2003). It is under phase I trial in the management
of wet ARMD via an intravitreal injection (clinical trial).

9.1.11 Chemokine CC Motif Receptor 3 Blockers

Another approach that is currently undergoing testing involves the blockade of che-
mokine CC motif receptor 3, which mediates angiogenic signaling initiated by
eotaxins (Takeda et al. 2009). Takeda et al. (2009) demonstrated that the eosinophil/
mast cell chemokine receptor CCR3 is specifically expressed in choroidal neovas-
cular endothelial cells in humans with ARMD and that despite the expression of its
ligands eotaxin-1, eotaxin-2, and eotaxin-3, neither eosinophils nor mast cells are
present in human choroidal neovascularization (CNV). Genetic or pharmacologic
targeting of CCR3 or eotaxins has been found to inhibit injury-induced CNV in
mice. CNV suppression by CCR3 blockade has been found to be due to direct inhi-
bition of endothelial cell proliferation (and was uncoupled from inflammation, since
it occurred in mice lacking eosinophils or mast cells) and to be independent of
macrophage and neutrophil recruitment. CCR3 blockade has been more effective at
reducing CNV than VEGF-A neutralization when used in the treatment of ARMD
and, unlike VEGF-A blockade, is not toxic to the mouse retina. In vivo imaging
with CCR3-targeting quantum dots located spontaneous CNV in mice where diag-
nosis with fluorscein angiography was not possible. Takeda et al. (2009) concluded
that CCR3 targeting might reduce vision loss due to ARMD through early detection
and therapeutic angioinhibition (Takeda et al. 2009).

9.1.12 Other Tyrosine Kinase Inhibitors

Pazopanib is a tyrosine kinase inhibitor that inhibits VEGFR1, VEGFR2, VEGFR3,
PDGFR, c-KIT, and FGFR1 (Kumar et al. 2007). Pazopanib is effective in preclini-
cal models of CNV (Takahashi et al. 2009). Pazopanib, formulated as eye drops, is
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under investigation for the treatment of neovascular ARMD as a self-administered,
potentially lower burden therapy (clinical trial). Pazopanib inhibits the same pathway
that has been clinically validated in ARMD with anti-VEGF therapies, but with inhi-
bition at the tyrosine kinase receptor level. Additional benefit may come from inhibi-
tion of the proangiogenic platelet-derived growth factor pathway. Inhibition of
PDGFR-o and PDGFR-f, in combination with inhibition of the VEGF pathway, may
lead to regression of aberrant blood vessels (Jo et al. 2006; Takahashi et al. 2009).

Vatalanib (PTK787 or PTK/ZK) is a small molecule protein kinase inhibitor that
is orally administrated and inhibits angiogenesis. Oral administration of vatalanib
blocks phosphorylation of VEGF and PDGF receptors and provides inhibition of
retinal neovascularization. There is no effect on mature retinal vessels. Vatalanib
has been tested previously as a treatment for CNV in phase I and phase II clinical
studies (clinical trial).

AL39324 is an intravitreally administered tyrosine kinase inhibitor that is in a
phase II clinical trial in combination with ranibizumab (clinical trial).

TG100801 is a tyrosine kinase inhibitor that binds and inhibits VEGFR and
PDGFR. It is administered as an eye drop and has been found to suppress CNV and
retinal edema (Palanki et al. 2008). A phase I trial was completed successfully, but
a phase II trial was discontinued because of corneal toxicity.

9.1.13 Nicotinic Acetylcholine Receptor (nAChR) Pathway
Inhibitors: Mecamylamine

VEGEF inhibition can also be achieved by preventing the activation of the nicotinic
acetylcholine receptor (nAChR) pathway in the vasculature, which inhibits VEGF-
induced angiogenesis in endothelial cells (Heeschen et al. 2002). ATG-3 is an eye
drop formulation of mecamylamine, an antagonist of the nAChR pathway (Kiuchi
et al. 2008). It is the first antiangiogenic eye drop that has been studied in humans.
ATG-3 has successfully completed two phase II clinical trials, one in patients with
diabetic macular edema (Campochiaro et al. 2010) and the other in patients with
wet ARMD who were receiving anti- VEGF treatments.

9.1.13.1 Anti-Sphingosine-1-Phosphate (S1P) Monoclonal Antibody

Sphingosine-1-phosphate (S1P) is the extracellular ligand for S1P receptor 1 (also
known as EDG1), a G protein-coupled lysophospholipid receptor, and it is a proan-
giogenic and profibrotic mediator (Ozaki et al. 2003; Watterson et al. 2007).
Intravitreous injection of an anti-S1P monoclonal antibody inhibited CNV forma-
tion and subretinal collagen deposition in a preclinical model of laser-induced CNV
and in a preclinical model of diabetic retinopathy (Caballero et al. 2009; Xie et al.
2009). A humanized S1P monoclonal antibody (iSONEP) is under clinical trial in
patients with wet ARMD (clinical trial). iISONEP was well tolerated, and no drug-
related serious adverse events were observed in any of the patients. iISONEP also
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exhibited positive biological effects (including lesion regression, reduction of reti-
nal thickness, and resolution of pigment epithelium detachment). The mechanisms
responsible for the positive effects exerted by S1P appear to be independent to those
of anti-VEGEF agents, indicating the potential of S1P antibodies to serve as a mono-
therapy (or an adjunct therapy to anti-VEGF agents) for the treatment of neovascu-
lar ARMD and polypoidal choroidal vasculopathy.

9.1.13.2 Anti-a5p1 Integrin Monoclonal Antibody

Endothelial cell migration involves interactions between integrins (transmembrane
heterodimeric proteins) and extracellular matrix ligands. a5p1 integrin is expressed
on the surface of vascular endothelial cells and mediates cell migration (Orecchia
et al. 2003). Intravitreal JSM6427 (Jerini Inc) is a potent and selective inhibitor of
integrin a5f1. Its potency as an inhibitor of angiogenesis has been demonstrated in
animal models of CNVM blocking angiogenesis through inhibition of integrin-
mediated signaling and has the potential to inhibit the cellular responses to growth
factors, cytokines, and other inflammatory mediators.

Intravitreal administration of volociximab has resulted in strong inhibition of
rabbit and primate retinal neovascularization. In monkeys with laser-induced cho-
roidal neovascularization (CNV), volociximab significantly inhibited CNV prolif-
eration and reduced the degree of lesion formation. In a rabbit model, volociximab
administered either intravenously or intravitreally prior to the onset of neovascular-
ization significantly reduced angiogenesis as compared to control.

Thus, JSM6427 and volociximab both bind to a5p1 integrin and block the migra-
tion of endothelial cells. Both agents have been shown to inhibit CNV formation in
preclinical models (Zahn et al. 2009). They are in phase I trial for the treatment of
ARMD (clinical trial).

9.1.13.3 Fosbretabulin (Combretastatin A-4 Phosphate)

Fosbretabulin is a vascular disrupting agent, and its active metabolite is combreta-
statin A4 (CA4) (Pettit et al. 1995). The active metabolite CA4 binds to tubulin and
prevents microtubule polymerization in proliferating endothelial cells, thus inducing
vessel regression (Dark et al. 1997). In animal models, CA4 has been demonstrated
to inhibit retinal neovascularization and suppress the development of CNV (Griggs
et al. 2002; Nambu et al. 2003). Currently phase II trials are underway to evaluate the
safety and efficacy of fosbretabulin in patients with myopic CNVM (clinical trial).

9.1.13.4 E10030: A Pegylated Aptamer
E10030 (Ophthotech), an antiplatelet-derived growth factor (anti-PDGF-B) aptamer,

strongly binds to PDGF-f. Platelet-derived growth factor-B plays a key role in
recruiting the pericytes that envelop the new vessels and make them more resistant
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to the anti-VEGF attack. Pericyte recruitment is a crucial step in vascular matura-
tion and stabilization. PDGF has a key role in this process (Benjamin et al. 1998;
Jo et al. 2006).

With this in mind, E10030—a pegylated aptamer that inhibits PDGF-p—was
developed. Inhibition of PDGF results in the stripping of pericytes from endothelial
cells, which increases the sensitivity of mature CNV to VEGF inhibition. PDGF
inhibition may therefore synergize with VEGF inhibition in CNV treatment. In a
phase I dose-escalating study, some CNV regression was observed in over 90 % of
patients receiving the combination therapy of E10030 and ranibizumab, compared
to about 10 % of patients receiving ranibizumab alone (Boyer and Ophthotech
Anti-PDGF in AMD Study Group 2009). A phase II study is currently underway.

9.2 Photodynamic Therapy

Anuradha V. Pai

9.2.1 Introduction/Definition

Also known as photochemotherapy, it is a form of phototherapy using a photosensi-
tizer (a nontoxic light-sensitive chemical which when selectively exposed to light
becomes toxic) and causes damage to target malignant and other diseased cells.
This method is used for both disease diagnosis and treatment (Jia and Jia 2012).

The spectrum of possible applications of PDT encompasses the entire range of
infectious (viral, bacterial, fungal, protozoal) disorders, epidermal and dermal
inflammatory diseases, tumors of lymphocytes, adnexal diseases, and premature
skin aging due to sun exposure. With PDT, it is possible to eradicate pathogens in
simple locations such as oral cavities as well as in deep-seated bone marrow.
Nowadays’ PDT is being explored as a new line of antimicrobial therapy in order to
eradicate drug-resistant pathogens.

Photodynamic therapy (PDT) has also recently grown as a proven method of treat-
ment for various types of cancers with a proven potential to target even HIV and MRSA
(methicillin-resistant Staphylococcus aureus). Another key indication is for small areas
of cancer that are unsuitable for or have persisted or recurred after conventional man-
agement. It can be applied in areas already exposed to the maximum safe dose of
radiotherapy. Photodynamic therapy (PDT) is of particular value for precancer and
early cancers of the skin and mouth because of good cosmetic and functional results.

PDT also has considerable potential in arterial diseases for preventing restenosis
after balloon angioplasty and in the treatment of infectious diseases, where the
responsible organisms are accessible to both the photosensitizer and light. New
developments on the horizon include techniques for increasing the selectivity for
cancers, such as coupling photosensitizers to antibodies, and for stimulating immu-
nological responses, but many further preclinical and clinical studies are needed to
establish PDT’s role in routine clinical practice (Bown 2013).
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9.2.2 Photodynamic Therapy Process

Most PDT applications involve three key components: a photosensitizer, a light
source, and tissue oxygen. A photosensitizer is a chemical compound that gets con-
verted to an excited state upon absorption of light and forms free radicals which
react with oxygen to produce a highly reactive state of oxygen (reactive oxygen
species (ROS)) known as singlet oxygen. Exposure of cell to light energy wave-
lengths is typically in the visible region. ROS produces cell inactivation and death
through modification of intracellular components thus becoming highly cytotoxic
within few microseconds of activation. Generally, the photosensitizer is applied
locally to target area or the photosensitive targets are locally excited with light. In
the localized treatment of internal tissues and cancers, photosensitizers are admin-
istered intravenously and light is delivered through endoscopes or fiber-optic cath-
eters. Once the photosensitizer is localized to the intended area (tissue/organ), an
appropriate wavelength of light is chosen in order to excite the photosensitizer.

9.2.2.1 Mechanism of Photodynamic Therapy

Photodynamic process begins when photosensitizer absorbs a photon and gets con-
verted into an excited (singlet) state. This singlet state of photosensitizer undergoes
simultaneous or sequential decay resulting in intramolecular energy transfer reac-
tions which are of three types. Type I reaction involves photooxidation by radicals,
type II reaction involves photooxidation by singlet oxygen, and in type III reaction,
photoreaction does not involve oxygen. Photosensitizer in excited singlet state read-
ily decays back to the ground state with the emission of light (fluorescence) or heat.
Sometimes it goes into a “triplet state.” In addition, excited molecules also undergo
type III reactions. Photosensitizer in triplet state reacts with ground state oxygen to
produce singlet state oxygen, then decay to ground state by phosphorescence, or
undergo type I and III reactions. Singlet oxygen generated during the process is a
highly reactive form of oxygen and is highly damaging species with the potential to
cause blood flow stasis, vascular collapse, and/or vascular leakage ultimately lead-
ing to tumor ablation. PDT has also been demonstrated to induce apoptosis causing
orderly elimination of unwanted cells (Sibata et al. 2000).

9.2.2.2 Light Used

The light source for PDT can range from an ordinary light bulb to a diode array
(emitting a broad band incoherent spectrum) or a laser. Broad-spectrum light sources
such as xenon arc lamps or slide projectors equipped with red filters (to eliminate
short wavelengths) are used for in vitro and preclinical in vivo studies of tumors.
Lasers are standard light sources for PDT as they are monochromatic, have high
power output, and can be easily coupled to fiber optics for endoscopic light delivery
to localized areas in body cavity. The most common lasers are tunable dye lasers
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(Sibata et al. 2000). Argon lasers have been employed for the treatment of human
corneal neovascularization (Sheppard et al. 2006) and neovascular maculopathy
(Barbara et al. 1991). Copper-pumped dye laser, a double laser consisting of KTP
(potassium titanyl phosphate/YAG (yttrium aluminum garnet)) medium, has been
used in dermatology and in facial telangiectasias (Cassuto et al. 2000), while LED
(light-emitting diode) has been used in treatment of viral warts (Ohtsuki et al. 2009).

9.2.2.3 Dyes Used

Photofrin was the first US FDA-approved photosensitizer for treatment of cancer.
Thereafter, a variety of dye sensitizers have been developed and approved for PDT
treatment of skin and organ diseases ranging from simple bacterial infections (acne
vulgaris) to more serious cancers. Some of the very common dyes used in the treat-
ment of photodynamic therapy are listed as follows:

(i) Psoralen compounds in conjunction with UVA (300-400 nm) radiation are
used in the treatment of psoriasis, atopic dermatitis, seborrheic dermatoses,
histiocytosis, lichen planus, mycosis fungoides, polymorphous light eruption,
pityriasis lichenoides, lymphomatoid papulosis, prurigo, palmar and plantar
pustulosis, and vitiligo. Examples of psoralen photosensitizers include
5-methoxypsoralen, 8-methoxypsoralen, and trioxsalen.

(i) Porphyrinoid photosensitizers porphyrin, chlorin, bacteriochlorin, pheophor-
bide, bacteriopheophorbide, texaphyrin, porphycene, and phthalocyanine.

(iii)) Non-porphyrin dyes are anthraquinones, phenothiazines, xanthenes, cyanines,
and curcuminoids.

9.2.2.4 Molecules Used

Photofrin is the only photosensitizer approved by US FDA for palliation of various
types of cancer such as cancer of the esophagus and Barrett esophagus, endobron-
chial cancer, certain skin cancers such as basal cell carcinoma and squamous cell
carcinoma, and some tumors of the vagina, vulva, and cervix that can be reached by
activating light. Aminolevulinic acid has been approved for the treatment of actinic
keratosis of face or scalp. Methyl ester of ALA has been approved by US FDA in
July 2004 for treatment of some types of actinic keratoses of face and scalp.
Verteporfin (Visudyne) had been approved for treatment of pathologic myopia, ocu-
lar histoplasmosis, and for age-related macular degeneration.

9.2.2.5 Side Effects

Photofrin comes with the side effects of accumulation. Also skin and eyes of the
patient become photosensitive with Photofrin treatment. Application of aminolevu-
linic acid causes redness and tingling or burning sensation to skin. Photosensitivity
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reactions can also be observed with methyl ester of ALA, and therefore, this drug is
not recommended for people whose skin is sensitive to light, in immunosuppressed
individuals, and those with peanut or almond allergy.

Some of the other general adverse effects include burns, swelling, pain, and scar-
ring of surrounding tissues (Dolmans et al. 2003). Skin and eyes become sensitive
to light. Stenosis and perforation of hollow organs have also been observed in some
cases (Wittmann et al. 2014). PDT has also been reported to cause damage to DNA
such as strand breaks, degradation, DNA-protein cross-links, and chromosomal
aberrations and mutations. Other shortcomings include limitation of treatment
depth due to ineffective penetration of light. Revascularization of treated areas is
one of the biggest adverse effects that pose threat to benefits of PDT. In some cases,
damage to vascular endothelium leading to increased vascular permeability, platelet
aggregation, blood flow stasis, vasoconstriction, and ultimately vascular occlusion
has been observed. Vascular damage further leads to hypoxia-related re-angiogenesis
necessitating re-treatment (Verteporfin in Photodynamic Therapy Study Group
2001).

9.2.2.6 Advantages of PDT

(1) It has no long-term side effects when used properly.
(i1) Itis less invasive than surgery.
(iii) It usually takes only a short time and is most often done as an outpatient.
(iv) It can be targeted very precisely.
(v) It can be used to treat one lesion at a time.
(vi) Unlike radiation, PDT can be repeated many times at the same site if needed.
(vii) Since this therapy uses nonionizing radiation, there is relatively rapid
recovery.
(viii) There is little or no scarring after the site heals.
(ix) It often costs less than other cancer treatments.
(x) It can also be used in combination with other therapies so as to achieve syn-
ergistic effects.

Calculations for doses applied/based on body surface area: Successful treatment
with PDT is highly dependent upon the light dose delivered to the target tissue. The
unit of total energy of light is joule (J) and is determined by watt (W) multiplied by
time (s). The number of photons (N) in a joule depends on the wavelength (A) of
light. If two different wavelengths of light are used, the number of photons per joule
varies as the inverse ratio of the wavelength (hc/A, where 7=6.623x10-34 ] is
Planck’s constant and ¢=2.998 x 108 m/s is the speed of light). Another factor that
needs to be considered is fluence rate (i.e., rate of light delivered; fluence rate=
W/area). Fluence rate, and thus treatment time, depends on the light source used. It
the light is delivered at a high rate, significant heating of the tissue and its surround-
ing may take place. Generally, fluence rates less than 200 mW/cm? (for microlens)
or 400 mW/cm (for cylindrical diffusers) should be used in order to avoid thermal
damage to the normal tissues (Sibata et al. 2000).
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9.2.2.7 Photodynamic Therapy in Ophthalmic Disorders

PDT finds widespread use in treatment of ocular diseases. In ophthalmology, PDT
is used to treat ARMD and malignant cancers. This is because maintaining the
mechanical integrity of hollow organs is easy with PDT therapy since its biological
effect is different from surgery, radiotherapy, and chemotherapy as connective tis-
sues like collagen are largely unaffected. In ophthalmology, it is established for all
types of ARMD such as nonexudative, exudative, dry, and wet ARMD. PDT with
verteporfin along with laser photocoagulation and administration of pegaptanib
sodium is known to reduce the risk of vision loss in selected cases of neovascular
ARMD as well as wet ARMD (55-56). PDT with verteporfin causes stabilization or
improvement of visual acuity in patients suffering from chorioretinal anastomosis
(Silva et al. 2004).

Some of the other applications of PDT are in treatment of ocular herpes using
antimetabolites ara A and F3T (Pavan-Langston and Langston 1975), to reduce
subretinal fluid in choroidal nevus with serous macular detachment (Garcia-
Arumi et al. 2012), to induce closure of superficial vasculature of pigmented
choroidal melanoma with verteporfin (Tuncer et al. 2012) and with bevacizumab
(Canal-Fontcuberta et al. 2012), for the treatment of progressive keratoconus
using collagen cross-linking by the photosensitizer riboflavin and UVA light
(Wollensak 2006), for the treatment of chronic cases of central serous chorioreti-
nopathy with verteporfin (64—66), for the treatment of polypoidal choroidal vas-
culopathy [using ICGA-guided photodynamic therapy (PDT) with verteporfin,
combined PDT, and antivascular endothelial growth factor (VEGF) therapy
(anti-VEGF therapy)] (Wong and Lai 2013). PDT with intravitreal bevacizumab
has also shown good visual improvements in cases of polypoidal choroidal vas-
culopathy (Fan et al. 2014). Preoperative PDT has also been useful in reducing
the potential of bleeding at the time of tissue biopsy (Canal-Fontcuberta et al.
2012).

9.2.3 Photodynamic Therapy in Angiogenesis

PDT is clinically approved for the treatment of angiogenic disorders, including cer-
tain forms of cancer and neovascular eye diseases. PDT for ocular angiogenesis is
generally a two-step process, consisting initially of an intravenous (within the vein)
injection of photosensitizer followed by laser treatment to the targeted sites of neo-
vascularization in the retina after 15 min. The laser treatment is intended to selec-
tively damage the vascular endothelium. In case choroidal neovascularization
persists, patients are re-treated. In some cases, PDT is combined with angiostatic
agents intended to target various parts of angiogenic pathway: mRNA, VGEFs,
endothelial cell proliferation, migration, and proteolysis. Some of the angiostatic
agents under study are verteporfin, pegaptanib, ranibizumab, bevacizumab,
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anecortave acetate, squalamine, vatalanib, and triamcinolone acetonide. Some of
the typical cases of angiogenesis treated with PDT are:

(1) Subfoveal and juxtafoveal choroidal neovascularization: Choroidal neovascu-
larization is the most common vision-threatening complication of high myopia.
In this disease, new vessels grow under the retina distorting vision and leading
to scarring. Photodynamic therapy (PDT) is a new experiment treatment for
CNV that combines the application of low-intensity light with a photosensitiz-
ing agent in the presence of oxygen to produce tissue effects. It uses the nonin-
vasive potential of the laser light to cause a nonthermal localized chemotoxic
reaction and obtain highly selective occlusion of the neovascular channels
while sparing the overlying photoreceptors (Donati et al. 1999). Verteporfin
photodynamic therapy is used in these cases due to its angio-occlusive mecha-
nism of action that reduces visual acuity loss and underlying leakage associated
with lesions. Verteporfin PDT has also been associated with encouraging treat-
ment outcomes in case studies involving patients with choroidal vascular disor-
ders such as polypoidal choroidal vasculopathy, central serous chorioretinopathy,
choroidal hemangioma, angioid streaks, and inflammatory CNV (Chan et al.
2010). Verteporfin photodynamic therapy has also been found to be beneficial
as a part of triple therapy for neovascular ARMD (Ehmann and Garcia 2010).
PDT therapy has been found to effectively induce tumor regression and resolu-
tion of exudative subretinal fluid, improving or stabilizing vision in circum-
scribed choroidal hemangioma (Elizalde et al. 2012). Visudyne has already
been approved by US FDA for the treatment of subfoveal choroidal neovascu-
larization (Rivellese and Baumal 2000) and juxtafoveal neovascularization
(Blair et al. 2004).

(ii) Corneal neovascularization (CNV): It is excessive ingrowth of blood vessels
from the limbal vascular plexus into the cornea as a result of oxygen depriva-
tion. CNV causes significant visual loss because of the scarring and lipid depo-
sition that frequently accompany it and is generally induced by nonspecific
inflammatory stimuli mediated primarily by polymorphonuclear neutrophils.
CNV can also be caused due to specific corneal immune reactions such as her-
pes simplex keratitis. Photodynamic therapy with argon laser following intrave-
nous injection of hematoporphyrin derivative or purified dihematoporphyrin
ether (DHE) has been used to suppress tumor growth and blood vessel growth
in the eye (Epstein et al. 1987; Sheppard et al. 2006). Currently, verteporfin in
conjunction with photodynamic therapy has been reported to be effective
against CNV (Al-Torbak 2012).

9.2.3.1 Mechanism of Action of Molecules Used for PDT in Angiogenesis
(i) Verteporfin: it is composed of two semisynthetic porphyrin isomers and is

four times more powerful as compared to porphyrin sensitizers when used
alone. It is a chlorin-type molecule and an efficient generator of singlet
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oxygen. It has a maximum absorption in the UVA range with an additional
absorption peak between 680 and 695 nm. Therefore, it can be activated with
a low-power light that can penetrate blood, melanin, and fibrotic tissue. It
binds with LDL to form a complex within abnormally proliferating cells.
Thereafter, it becomes bound to intracellular or membrane components and,
when activated through light, causes cellular damage (Schmidt-Erfurth and
Hasan 2000).

(ii) Pegaptanib: itis a pegylated anti-VGEF aptamer (single strand of nucleic acid
that binds with a particular target). It is a selective antagonist of 165 isoform
of VGEEF. As a result, growth of blood vessels is curtailed to control leakage
and swelling in angiogenesis (Ng et al. 2006).

(iii) Bevacizumab: it is the first monoclonal antibody synthesized for treatment of
angiogenesis in cancer. It is a recombinant monoclonal antibody that blocks
VGEF-A, which is an angiogenesis stimulator. It finds application in treat-
ment of certain metastatic cancers such as colon cancer, ovarian cancer, and
renal cancer. In eye diseases, it is used in the treatment of diabetic retinopathy
(Agarwal et al. 2014), neovascular glaucoma (Jiang et al. 2014), diabetic
macular edema (Stewart 2014), and retinopathy of prematurity.

(iv) Ranibizumab: it is a monoclonal antibody fragment similar to bevacizumab
with similar effectiveness and clinical applications (Agarwal et al. 2014;
Jiang et al. 2014; Stewart 2014).

(v) Anecortave acetate: it is a unique angiostatic agent derived from glucocorti-
coid cortisol acetate and is a nonselective inhibitor of different angiogenic
factors. It is useful in the treatment of iatrogenic glaucoma (Razeghinejad and
Katz 2012) and wet ARMD (Augustin 2006) and shows promise in the treat-
ment of choroidal neovascularization (Slakter 2006).

(vi) Squalamine: it is an aminosterol compound obtained from dogfish shark. It
has potent antimicrobial activity. It is a cationic peptide that binds to phos-
pholipid membranes and interacts with plasma membranes of infective bacte-
ria to prevent their function. It shows promise in the treatment of neovascular
ARMD (Emerson and Lauer 2007) and exudative ARMD (Connolly et al.
2006).

(vii) Vatalanib: it is a VEGF substrate that inhibits tyrosine kinase receptor that is
an important enzyme contributing to formation of new blood vessels. It has
been found to be useful in treatment of neovascular ARMD (Emerson and
Lauer 2007) and wet ARMD (Ni and Hui 2009).

(viii) Triamcinolone acetonide: it is a synthetic fluorinated corticosteroid and is
about eight times more potent as compared to prednisone. It possesses good
anti-inflammatory action and therefore used in the management of ocular
inflammatory disease. Its use is being explored in the treatment of diabetic
macular edema (Ciulla et al. 2014).

Recently, the concept of angiostatic targeted therapy is under rapid development.
It involves use of clinically effective angiogenesis inhibitors in combination with
PDT (Weiss et al. 2012). However, this therapy has not got a full-fledged entrance
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into the clinical management of cancer mainly because of secondary complications
such as inflammation and neoangiogenesis.

The recent development of anti-VEGF substances for use in clinical routine has
markedly improved the prognosis of patients with neovascular ARMD. Intravitreal
treatment with substances targeting all isotypes of vascular endothelial growth fac-
tor (VEGF), for the first time in the history of ARMD treatments, results in a signifi-
cant increase in visual acuity in patients with neovascular ARMD. Overall,
antiangiogenic approaches provide vision maintenance in over 90 % and substantial
improvement in 25—40 % of patients. The combination with occlusive therapies like
photodynamic therapy (PDT) potentially offers a reduction of re-treatment fre-
quency and long-term maintenance of the treatment benefit.

9.3 Summary

Photodynamic therapy is a unique treatment modality wherein a photosensitizer
localized to specific tissue/organ is activated by use of light of specific wavelength.
This method has revolutionized therapeutic strategies for the treatment of several
infectious as well as angiogenic diseases. It also finds promising applications in
several malignant as well as nonmalignant conditions of the ocular system.
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