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Preface

The development of drug treatments for diseases of the retina and back of the eye has
been slow. Among the principal causes for this have been a failure of the pharma-
ceutical industry to appreciate the potential size of the market these diseases repre-
sent, a poor understanding of the disease processes themselves, and technical
difficulty in delivering drugs to the back of the eye. There have been recent rapid
advances in all three areas with many more changes likely to occur in the next decade.

Until the 1990s, very few drugs had ever been developed specifically for
ophthalmology. Virtually all drugs used in ophthalmology had initially been devel-
oped for other applications and subsequently found to be useful in ophthalmology.
One potential reason for this is economics. In 2001 it was estimated that it took over
12 years and cost over $800 million to develop and commercialize a new drug (1).
For a company to undertake such an investment there must be a reasonable expecta-
tion that eventually sales of a new drug will, after allowing for development risk, at
least recoupe its development costs. In 1996 the total world market for drugs for
back-of-the-eye diseases was less than $500 million, providing little impetus to
develop drugs for these conditions.

A major contributor to both the cost and the time it takes to develop a drug is
the regulatory approval process. Following animal experiments, drugs enter limited
clinical trials that often involve very few patients. These early studies, often called
Phase I or Phase I/II trials, are generally designed to get a preliminary indication
of safety and possibly efficacy while exposing as few subjects to the drug as possible.
Once these studies have been successfully completed, a product can proceed to
larger, Phase II trials. The goal of these larger trials, often involving 50 to 100 people,
is to generate sufficient efficacy data to adequately power the next, Phase III, studies.
It is these studies, sometimes called pivotal trials, that are designed to provide suffi-
cient data to satisfy the regulatory agencies that a product is both safe and effective.
Data collected in Phase II is generally used to ensure pivotal studies are appropriately
designed and have sufficient statistical power to meet these objectives. These larger
trials involve hundreds to thousands of patients. In clinical trials of an agent to treat
a previously untreated disease it can be difficult to decide on the primary clinical trial
endpoint to demonstrate drug efficacy. This is particularly true for diseases that are
slowly progressing, where a clinically significant progression of the disease can take
years. Any drug therapy designed to slow down the progression of such a disease is
likely to require very long term clinical trials, increasing the time, the cost and the risk
of developing a drug. Diseases in this group include diabetic retinopathy, neovascular
and non-neovascular age-related macular degeneration, retinitis pigmentosa and
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others. For a company developing a drug to treat these conditions, while risks from
competitors are always present, they become magnified in the face of very long-term
and expensive clinical trials. As a trial progresses, science advances and a competitor
may develop a better drug or a more creative way through the regulatory system.

The difficulty of the Food and Drug Administration’s (FDA’s) task in approv-
ing drugs, especially for previously untreated diseases, should not be underestimated.
Considerable pressure is exerted on the FDA to both approve drugs quickly and to
ensure drugs meet the appropriate standards of safety and efficacy. The FDA is in a
difficult position. If after approval significant side effects are encountered, the FDA
is likely deemed to be at fault. On the other hand, if a drug is not approved quickly,
the FDA is likely deemed to be at fault. The voices decrying the ‘‘glacial’’ pace of
drug approval are often the same ones decrying the ‘‘cavalier attitude’’ of the
FDA should a drug be withdrawn. Despite these pressures, the FDA can move extre-
mely quickly to approve new drug treatments. Although it takes an average of 12
years for a drug to be developed, Vitrasert1, a sustained release delivery device
to treat AIDS associated cytomegalovirus retinitis, progressed from in vitro tests
to FDA approval in eight years. The total development time for Rertisert1, which
recently became the first drug treatment approved for uveitis, was seven years. Both
of these products were supported initially by grants from the National Eye Institute
and without such support, the industry has rarely funded the development of such
high-risk programs. For major pharmaceutical companies the risks of developing
drugs for well understood diseases are high enough. Add to these risks an unknown
market size, unfamiliar regulatory approval process, new drug delivery requirements
and novel pharmacological drug targets, and the process becomes truly daunting.
‘‘Big Pharma’’ has not perceived the opthalmic marketplace as large enough to sup-
port a fully-fledged development effort. Pharmaceutical development has instead
been largely limited to smaller, so-called ‘‘specialty’’ pharmaceutical companies.

A turning point in ophthalmology came with the approval of Latanaprost, a
prostaglandin analogue. This molecule was developed specifically for glaucoma and
has been commercially extremely successful, generating over $1 billion per year in
sales in 2003 (2). This appears to have triggered the realization that ophthalmology
has the potential to support billion dollar products and has lead to an increased focus
on the area by the pharmaceutical industry.

In recent years there has been a dramatic increase in the understanding of the
pathologies of ocular diseases and, perhaps not coincidentally, many new therapeu-
tic candidates and pharmacological treatments. Unlike such mature fields as hyper-
tension, there is as yet no clear consensus of the pharmacological targets best hit to
generate an optimal therapeutic response. Not only are there now a large number of
drugs under development but there are also a large number of different classes of
drugs in development. Into the mix of increased commercial focus and rapidly
advancing biology there is also the rapidly evolving field of drug delivery for the pos-
terior segment of the eye. This state of high flux is exemplified by the three treat-
ments for wet age-related macular degeneration that are either approved or
awaiting approval. The first approved, Visudyne1, is an intravenous injection
followed by an ocular laser to activate the drug in the eye. In 2005 it was followed
by Macugen1, a vascular endothelial growth factor (VEGF) inhibitor, given by
intravitreal injections every six weeks. RetaaneTM is pending approval and is an
angiostatic steroid given as a peri-ocular injection every six months. All three of
these treatments have completely different modes of action and completely different
means of administration.
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This book is a snap shot in time. In it the contributors have attempted to
describe some of the parameters influencing drug delivery and some of the attempts
made, with varying degrees of success, to achieve therapeutic drug concentrations in
the posterior of the eye. Also described are disease states of the back of the eye, some
of which, like wet age-related macular degeneration, affect many people. Following
the approval of Visudyne and Macugen, one could expect rapid changes in clinical
management of these diseases. Other conditions, like retinitis pigmentosa, are very
slowly progressing (making the design of clinical trials extremely difficult) or else
affect only a small number of people, such as proliferative vitreoretinopathy (PVR).
For these conditions there is as yet no precedent with the FDA for what constitutes
an approvable drug. Progress in the management of such conditions is unfortunately
likely to be much slower.

Glenn J. Jaffe
Paul Ashton

P. Andrew Pearson
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1
Retinal Drug Delivery

Paul Ashton
Control Delivery Systems, Watertown, Massachusetts, U.S.A.

In any drug treatment, the overall goal of drug delivery is to achieve and maintain
therapeutic concentrations of the drug at its site of action for sufficient time to pro-
duce a beneficial effect. A secondary aim is to avoid exposing any other tissues to
concentrations of the agent high enough to cause a deleterious effect. The efficacy
of a compound is governed by its intrinsic effects on the target site (and any other
sites with which it comes into contact), its distribution throughout and its elimina-
tion from the body. Alterations to the and elimination of a compound can thus
radically alter its efficacy. For regions of the body with a significant barrier to
drug permeation, such as the eye and brain, great care should be taken to deliver
drugs appropriately.

In the design of a drug delivery system for the eye a balance must be struck
between the limitations imposed by the physicochemical properties of the drugs,
the limitations imposed by the anatomy and disease state of the eye, and the dosing
requirements of the drug for that particular disease. This chapter gives an overview
of some general concepts and tactics in drug delivery, barriers to getting drugs into
the vitreous and retina, mechanisms by which drugs are cleared, and drug delivery
for some specific ophthalmic problems.

BASIC PRINCIPLES OF DRUG DELIVERY

Delivery Rates

As a means to predict the properties of drug delivery systems, it is useful to briefly
review some basic thermodynamic functions. The rate or speed of a reaction is given by

dc=dt

where dc is the change in concentration and dt is the time interval over which that
change occurs.

In the simplest case, dc/dt is constant, i.e., the rate of change does not vary
over time, this situation is termed zero order and can be expressed as

�dc=dt ¼ k ð1Þ
where k is a constant, also known as the rate constant.
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Integrating this with respect to time gives

Ct � C0 ¼ �kt ð2Þ
where C0 is the initial concentration and Ct is the concentration at time t. A graph of
concentration (Ct) versus time would therefore have a constant gradient with k as the
slope (Fig. 1).

In drug delivery, a more common situation is one where the rate of change of
concentration is directly proportional to the concentration of drug present. This situa-
tion is termed first order and can be expressed as

�dc=dt ¼ kc ð3Þ
Integrating this with respect to time gives

lnCt � lnC0 ¼ �kt ð4Þ
Expressing (4) another way

C ¼ C0e
�kt ð5Þ

A graph of C versus time is shown in Figure 2A and a graph of ln C versus time is
shown in Figure 2B.

In the situation where Ct is half of C0 (i.e., the concentration has decreased by
50%), and where t is the half-life, this equation becomes

ln 2 ¼ kt1=2 ð6Þ
or

ln 2=k ¼ t1=2 ð7Þ
i.e., larger the rate constant, shorter is the half-life.

Zero-order reactions describe processes such as output from a pump or,
in some cases, diffusion from a suspension. Radioactive decay is an example of a
first-order process.

Generally, a drug’s potential to diffuse from one region to another is directly
proportional to its chemical potential, which can usually be approximated to its con-
centration. The aforementioned equations can thus be readily applied to drug delivery.

Considering the setup in Figure 3, drug diffusion from chamber A to chamber B
is driven by the difference in concentration (or chemical potential) between the two
chambers. Assuming that chamber B is a perfect sink and that chamber A is well stir-
red, as the drug diffuses from A, the concentration in this chamber is decreased, and
with it the driving force for diffusion. This results in a progressively slower release

Figure 1 Zero-order or linear kinetics showing the decrease in drug concentration in a
dosage form versus time.

2 Ashton



rate. Drug diffusion from chamber A to chamber B in this system will follow first-
order kinetics. Figure 3B describes a similar situation except that here chamber A
contains a suspension of the drug. In this situation, drug delivery from A into B is
again determined by the difference in chemical potential between A and B, but in this
case as the drug diffuses from A, some of the solid drug in A dissolves so as to main-
tain the concentration in A. As long as the dissolution of the drug in A is able to keep

Figure 2 First order kinetics showing, (A) the decrease in drug concentration in a dosage
form versus time, (B) the natural log(ln) of the same concentration data plotted against time.

Figure 3 (A) Chamber A contains a diffusant that is fully dissolved in A and is at a higher
concentration than in chamber B, which is a perfect sink. Diffusion from A to B is driven by
the concentration difference between the two chambers. (B) Chamber A contains a suspension
of a diffusant. As the diffusant moves to chamber B, the decrease in concentration can be off-set
by the dissolution of the suspended particles, which acts to maintain the concentration gradient.
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pace with the diffusion across the membrane, the concentration of dissolved drug
will be maintained and consequently the diffusion across the membrane will be con-
stant provided B remains a perfect sink. Release rate from A will therefore follow
zero-order kinetics.

The aforesaid situations apply in special cases where diffusion through the mate-
rial in chamber A is not important (A is well stirred) and where the dissolution rate of
the drug particles in A is rapid. A more common situation arises when drug release is
both a function of its concentration within a vehicle and its ability to diffusion through
it. When placed into a release medium, the drug closest to the surface is released the
fastest. Over a period of time, the drug must diffuse from further and further back
within the bulk of the device, which progressively slows the release. Systems such as
this can be described by solutions to Ficks’s second law of diffusion (1).

dC=dt ¼ Dd2c=dx2 ð8Þ

where C is the concentration in a reservoir, t the time, x the distance and D the diffu-
sion coefficient the diffusant through the media. Partial derivatives (d) are used
because C is a function of both t and x.

In the 1960s, Higuchi (2) proposed that if diffusion through a vehicle is rate
limiting, then the amount of drug released from a vehicle (in which the drug is fully
dissolved) can be described by

Q ¼ 2 C0ðDt=pÞ1=2 ð9Þ

Figure 4 Square root time kinetics typical of release from a gel or ointment as described by
Higuchi (2,3). (A) Decrease in concentration of drug versus time, (B) same data plotted against
square root of time.
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where Q is the quantity of drug released per unit area, t the time of application, and
C0 is the initial concentration of drug in the vehicle (2). It is assumed that the com-
position of the vehicle is initially homogeneous and that the receptor acts as a perfect
sink (once out of the vehicle the drug is immediately removed from the surface).

Similarly, an equation was proposed to describe release from an emulsion or
suspension in which diffusion through the vehicle is rate limiting (3)

Q ¼ ð2 C0 Dt CsÞ1=2 ð10Þ
where C0 is the initial concentration of the diffusant in the vehicle and Cs the solu-
bility limit of the diffusant in the vehicle.

These formulae (10) can be readily applied to drug release from ointments and
gels typically used in eye drops. The unfortunate implication is that even if a gel or
ointment system remains in the cul de sac of the eye for an extended period, any drug
in such a vehicle will be released by square root time kinetics. Further, in each case
the amount of drug released from the vehicle is proportional to D, the diffusion coef-
ficient of the diffusant within the vehicle.

D has been described in classical physics by the Stokes–Einstein equation (1)

D ¼ KT=6pZr ð11Þ
where K is the Boltzmann constant, T is the absolute temperature, r is the diffusion
radius of the molecule, and Z is the viscosity of the vehicle. Thus, from Eqs. (4)
and (5), the release of the drug from a diffusion controlled vehicle is both inversely
proportional to the viscosity of the vehicle and a function of the square root of time.
To have a significant effect on release rates, a gel or ointment may have to be highly
viscous (see discussion below).

Similar approaches based on Higuchi’s work have been developed over the last
40 years describing many of the hypothetical situations that arise in drug delivery
systems. Considerably more detailed mathematical analyses can be found in text-
books for those with an interest in such matters.

Gels, Creams, and Ointments

One of the simplest approaches to sustained drug delivery is the formulation of
a drug in a viscous gel, cream, or ointment. Release from such a system is governed
by both diffusion (discussed previously) and partitioning of the drug from the vehicle
into the release medium. The more soluble the drug in the release medium (and the
lower its chemical potential) and the less soluble in the vehicle (higher its chemical
potential), the more readily the drug will partition into the release medium. If diffu-
sion through the vehicle is very fast and the partitioning is so slow as to be rate deter-
mining, release is likely to approximate first-order kinetics (the concentration of drug
in the vehicle at any time will be homogeneous). If, however, partitioning from the
vehicle is relatively fast and diffusion through the vehicle slow (and rate limiting)
square root time kinetics can be anticipated. An additional consideration is that
release will be a function of the viscosity actually encountered by the diffusant.
For hydrogels this is not normally the same as the perceived bulk viscosity. The bulk
viscosity of a gel is the so-called ‘‘large-scale’’ viscosity. When a relatively large
object moves through a gel it must either break or move aside gel fibers and this
creates the viscosity. On the molecular scale, however, a small molecule may be able
to diffuse through the fiber matrix between strands. For such a molecule, the
microviscosity would be similar to that of the water between the strands. A small drug
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molecule such as pilocarpine may move very quickly through a highly viscous gel
while a larger molecule, such as a protein, is more likely to become entangled in
the strands of a gel and will thus diffuse more slowly. Hence, although some sus-
tained release properties have been described for small molecules in hydrogels, these
systems may have more promise in controlling the delivery of large molecules such as
proteins or peptides (4).

Microparticulates and Liposomes

Many microencapsulated drug delivery systems, such as nanoparticles and micro-
spheres, often composed of biocompatible, bioerodible polymers, have been devel-
oped. The polylactide/glycolide (PLGA) polymer system in particular has been
extensively investigated and a microsphere system based on this polymer that
releases leuprolide acetate is in clinical use (5). Release from such microspheres is
a function of both diffusion of a compound from the particles and degradation of
the particle. These systems and many other bioerodible devices typically exhibit com-
plex release kinetics. There is generally a fast initial phase followed by a slower sec-
ond phase typical of square root time kinetics as the drug molecules diffuse through
the matrix. The second phase is often followed by a burst effect as the PLGA poly-
mers undergo bulk erosion and the systems lose structural integrity.

Liposomes are small vesicles, typically ranging in size from 0.01 to 10 mm, com-
posed of single or concentric phospholipid bilayers entrapping water in their center.
They are formed by the dispersion of phospholipids in water (6,7) and have been
investigated since the 1970s as a means to achieve controlled and targeted drug
delivery. Hydrophilic drugs can be entrapped within the aqueous liposome core
while lipophilic drugs can partition into the lipid bilayers, either process dramatically
altering their biodistribution (6,8).

There are several mechanisms by which drugs can be released from liposomes. In
the simplest case, the liposome acts as a sustained release reservoir slowly releasing
drug into the surrounding fluid. Release, being a function of drug concentration within
the liposome, can be expected to decrease exponentially with time (first order).
Another way for drugs to be released from liposomes involves diffusion from degraded
or destabilized liposomes; if this is the primary mechanism release can be expected to
match the degradation rate of the liposomes. Other absorption mechanisms for micro-
particluate systems (microspheres and liposomes) involve direct interaction with cells.
Small particles (less than 1mm) can enter cells by phagocytosis; liposomes can also enter
cells by membrane fusion. This mechanism offers the potential to actively target certain
cell types or systems such as the Kupfer cell and the reticular endothelial system (9).
Changes in the size and lipid composition of the liposomes (10) and their surface
change (11) can be used to try to tailor their absorption. Greater specificity of interac-
tion can be obtained by tagging antibodies onto the liposome surface (12,13).

As a result of work in the last two decades, at least two liposomal drug suspen-
sions have been approved by the Food and Drug Administration (FDA), one a less
toxic amphotericin B for systemic fungal infections (14) and the other a liposomal
formulation of doxorubicin for Kaposi’s sarcoma (15).

With their ability to achieve delivery to the cytoplasm, fusogenic liposomes,
possibly containing polyethylene glycol (16) offer the potential for clinical applica-
tion for cellular delivery of enzymes and DNA into cells (12,17–19).
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Implantable and Injectable Devices

Another approach has been the use of solid, sustained release devices that are
injected or surgically implanted and which slowly release the drug. These systems
can, in general, be classified as either membrane-controlled or matrix-controlled.

In membrane-controlled devices, a reservoir of drug is contained within poly-
mer coatings and is released by either permeation across a rate-limiting membrane or
diffusion through an aperture of a fixed size. If constant (zero-order) release is
desired, the permeability of the rate-limiting membrane or the size of the aperture
should remain constant over the lifetime of the device, as should the chemical poten-
tial of the drug within the reservoir. This is readily achievable if, for example, the rate
at which the drug diffuses out of the device is matched by the rate at which drug in
the reservoir dissolves (see earlier discussion, Fig. 3). In such a situation, release will
be constant but as the reservoir is depleted, release will slow down as the dissolution
rate of drug within the device can no longer keep up with the diffusion rate from the
device. To satisfy the requirement that the diffusion properties of the membrane or
the size of the aperture do not change, it is often simpler to design the device as a
nonerodible delivery system. Examples of membrane-controlled nonerodible systems
include the RetisertTM and VitrasertTM (20–22).

In nonerodible matrix systems, the drug is dispersed within a matrix of a poly-
mer and is released as it diffuses through the polymer according to the kinetics
described earlier. If polymers that erode before substantially releasing the entire
drug are used, the kinetics is more complex. In many PLGA-based systems, drug
is released by both diffusion through the polymer and as the matrix breaks up giving
rise to the ‘‘s’’ kinetics described earlier. A notable exception is GliadelTM, approved
by the FDA for the treatment of brain tumors (23,24). This is composed of a bio-
erodible hydrophobic A–B block copolymer (poly-[bis-9-carboxyphenoxy propane]-
sebacic acid) containing the almost insoluble anticancer drug carmustine (BCNU).
The matrix is in the form of a thin wafer and drug is released as the matrix undergoes
slow surface dissolution. As BCNU has exceptionally low aqueous solubility, it is
released primarily as the polymer breaks down and little drug is released by diffusion
from the polymer. The thin, flat shape of these devices dictates that the surface area
of the matrix, and hence the release rate, does not change substantially until a large
fraction of the matrix has eroded. Because of its lipophilicity, the polymer used also
has the unusual property of being resistant to bulk erosion. Thus, release follows
zero-order kinetics for a substantial portion of the duration of the implant (23).
However, if more hydrophilic drugs are used in these implants, release becomes first
order as the drugs dissolve and leach out of the matrix independently of the polymer
breakdown (25,26).

Many of the technologies described in the preceding text, although developed
for systemic administration, have been investigated, with varying degrees of success,
for ocular use and will be reviewed in this and other chapters.

Prodrugs

A frequently used technique in the optimization of drug delivery, regardless of the
route selected, has been prodrug synthesis. In this approach, a drug is chemically
modified to optimize its delivery properties. Normally, this means increasing either
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its stability or its absorption. Once absorbed, the prodrug is either chemically or
enzymatically converted back to its original, active form (27). One of the earlier suc-
cessful examples of prodrug formation is levodopa (L-dopa). Dopamine does not
cross the blood–brain barrier after systemic administration and has no therapeutic
effect on Parkinsonism. Systemically administered L-dopa, however, is transported
into the brain where it is enzymatically decarboxylated to the active dopamine. A
comprehensive review of the early work on L-dopa was provided by Barbeau and
McDowell (28).

Another example of prodrug design is the antiherpetic drug acyclovir.
Acyclovir, a synthetic purine nucleoside analog, is readily absorbed into many cell
types but is phosphorylated to the active form, acyclovir monophosphate, almost
entirely by viral thymidine kinase; its affinity for the viral form of thymidine kinase
is 200 times greater than the mammalian form of the enzyme and phosphorylation in
the uninfected cell is minimal. Within the virally infected cell the triphosphory-
lated form of the drug both selectively inhibits viral DNA polymerase and is incor-
porated into elongating viral DNA causing termination of synthesis (29,30). In other
experiments, lipophilic produgs of timolol were investigated as a means to increase
corneal absorption after topical application. These prodrugs were formed by
covalently linking timolol to inert alkyl chains. The resulting produgs, being more
lipophilic than the parent drug, were more readily absorbed across the cornea and
hence had reduced systemic absorption. Once absorbed, the produgs were hydro-
lyzed to regenerate the active parent drug, timolol, and the inert promoiety, the
alkyl chain (31,32). A more recent development of this approach has been the
development of codrugs. Codrugs are formed by linking two active drug molecules
together to form an inactive compound that is cleaved at the target site to regenerate
the two active parent molecules. This has the potential for simultaneous delivery
of synergistic drugs. Using this approach, Ingrams et al. (33,34) found that 5-FU/
triamcinolone acetonide codrugs significantly inhibited tracheal stenosis in the
rabbit model.

The prodrug approach thus has the potential to increase bioavailability, opti-
mize elimination kinetics, and affect biodistribution. The approach has found broad
application in many areas of the pharmaceutical industry and a more comprehensive
review can be found in the book Prodrug Design and Synthesis by the late Prof.
Bungaard (27).

DRUG DELIVERY TO THE POSTERIOR SEGMENT OF THE EYE

Topical Drops

Topical application allows a drug to be placed in direct contact with the eye, but
drops are quickly cleared. Although eye drops are typically 25–50 mL, the tear film
volume is only 5–7 mL (35). After instillation of an eye drop, the tear volume rapidly
returns to normal and the mean retention times of most drugs in the tear film is less
than five minutes giving little time for significant ocular absorption. Compounding
rapid clearance is the efficiency of the barrier function of the cornea, the principal
entry route for most topically applied compounds. Noncorneal ocular absorption
(across the conjunctiva and sclera) has been hypothesized and may be significant
for delivery to the anterior chamber for some compounds. A review of posterior
delivery via the transcleral route is provided in Chapter 13.

8 Ashton



Topical Drops and Iontophoresis

Therapeutic intraocular drug levels are achievable by topical drops with the use of
iontophoresis. In iontophoresis, a potential difference is applied across a membrane
causing a current to be driven through the tissue. If the solutions bathing the mem-
brane contain an ionized drug the current is, at least partially, carried by these ions
thus increasing flux across the membrane. Iontophoresis has been explored as a
means to increased ocular drug delivery for over 50 years (36). The technique has
been reported to successfully increase both transcorneal (37,38) and transscleral
delivery (39). Despite these promising findings, iontophoresis has not, as yet, become
popular. This may be due partly to the large (up to 20-fold) variation reported in
drug delivered to the eye by this route (40). Another potential concern is safety
and although currents of up to 20mA appear to be well tolerated for up to five
minutes (41), burns over the area of current application are not uncommon (42).
Renewed efforts are now underway to examine the feasibility of iontophoresis as a
means to achieve therapeutic concentrations of antivirals in the posterior chamber,
as a means to treat cytomegalovirus (CMV) retinitis (43,44).

Systemic Delivery

Systemic administration has the advantage of relatively uniform dosing, although this
does not necessarily translate into uniform ocular bioavailability. Even after local
administration, drug levels within ocular tissues are subject to intrapatient variability
due to differences in permeability through the various tissues and membranes of the
eye (such as the retinal pigmented epithelium), differences in clearance rates from
the eye, and the disease state. Systemic administration compounds these complexities
by adding intrapatient variability in bioavailability of the drug, metabolism of the
drug, and patient compliance. Systemic administration also dictates that any agent
will be widely dispersed throughout the body and thereby expose more tissues to
the potentially damaging drug substances. Further, the blood–eye barrier greatly
reduces drug penetration into the eye, and thus for most compounds, the concentra-
tion of drug in the eye will be lower than that in most other tissues. To achieve thera-
peutic concentrations in the eye, the rest of the body must be exposed to yet higher
concentrations, a potential problem for drugs with narrow therapeutic indices.
Despite these potential concerns, systemic administration has historically been the
route of choice for drug delivery to the posterior segment.

Periocular Injections

Periocular injections, subconjunctival, subtenons, and retrobulbar injection of drugs
have been frequently investigated as a means to increase ocular availability. Subtenon
injections of steroids, such as triamcinolone acetonide, are frequently used to control
inflammatory conditions of the posterior segment such as cystoid macular edema,
although this delivery route carries a risk of inadvertent intraocular injection (45).

The ocular bioavailability from periocular injections is not well studied and the
routes by which drugs penetrate the eye after such injections have never been satis-
factorily elucidated. Levine and Aronson (46) used radiopaque media to demon-
strate the diffusion of injected compounds from these sites in rabbits and found
that subtenons and subconjunctival injections disperse and spread circumferentially
around the eye but do not diffuse back to the orbit, while retrobulbar injections tend
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to disperse throughout the orbit but not into the anterior chamber. This work sup-
ports earlier findings of Hyndiuk (47), and Hammeshige and Potts (48).

Davis et al. (49) investigated topical versus subconjunctival versus intramuscu-
lar (IM) tobramycin in a rabbit model of Pseudomonas keratitis. Topical application
(two drops every 30 minutes) was found to be the most effective followed by subcon-
junctival and IM administrations. Neither local application had a significant effect on
disease in the contralateral eye. Similar findings were reported by Leibowitz et al. (50)
who showed that 16 hourly topical antibiotic drops were more effective than large sin-
gle intravenous (IV) or subconjunctival injections. Ocular drug levels were not reported
in either of these studies. Subconjunctival injections of ciprofloxacin have been studied
in the rabbit (51). It was found that although potentially therapeutic levels were
detected in the aqueous, vitreous levels were consistently low.

A possible explanation for these findings was provided by Wine et al. (52) in an
elegant experiment published in 1964. They investigated ocular absorption of radio-
labeled hydrocortisone from subconjunctival injections administered either through
the conjunctiva (providing a possible path to the tear film) or through the upper
eye lid and threaded through to the limbus (avoiding puncture of the conjunctiva).
Samples of tear fluid and whole eyes were assayed periodically and it was found that
ocular bioavailability was 10 to 100 times greater in eyes where drainage from the
injection site to the tear film was possible than in those with an intact conjunctiva.
In conjunctiva punctured eyes, peak ocular levels of over 170 mg were achieved at
30 minutes and then rapidly declined to 40 mg after two hours. Further, in these eyes
approximately twice as much steroid was detected in the tear film as in the entire eye.
In eyes with intact conjunctiva, the peak ocular steroid recovery (less than 4 mg) was
30 minutes after administration suggesting that some steroid does diffuse directly
into the eye. It should be emphasized that even with the conjunctiva puncture
method ocular bioavailability was less than 3%. Thus, this work indicates that sub-
conjunctival injections, which make a hole in the conjunctiva, act as a reservoir
draining the drug into the tear film and hence across the cornea into the eye. The
poor total availability (5–6% in tears, 2–3% intraocular) indicates that another
form of drug loss, presumably systemic absorption, is high from this route and
possibly higher if the conjunctiva is not punctured. Oakley et al. (53) studied the
corneal distribution of antibiotics after subconjunctival injection using the conjunc-
tiva sparing technique. For all antibiotics studied (penicillin G, gentamicin, and
chloramphenicol) highest concentrations were found nearest the injection site. This
indicates that these compounds at least can pass through the corneoscleral limbus
and diffuse across the cornea; however, no estimate of the ocular bioavailability
was given.

Barza et al. (54) later reported that after subconjunctival injection of genta-
micin, higher drug concentrations were found in ocular tissues from normal eyes
than from inflamed, infected (Staphylococcus aureus endophthalmitis) eyes, despite
the presumed reduction in blood–eye barrier in the inflamed eye. This result was
not due to altered drainage into the tear film but may have been caused by increased
ocular and orbital vascularity or decreased half-life within the eye (55). Similar
results have been reported by Levine and Aronson (46) who found that inflammation
caused a twofold decrease in ocular absorption of radiolabeled cortisol after retro-
bulbar injection although no such difference was seen following subconjunctival
injection. Peak ocular concentrations were observed five minutes after administra-
tion. These authors also speculated that the difference in ocular absorption after
retrobulbar injection was probably due to more rapid steroid removal from
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the injection site in the inflamed eye. This finding suggests that systemic absorption
after extraocular injection can be expected to be significant and that a systemic
contribution to ocular bioavailability may be important. This is especially likely after
peribulbar injections, particularly if a conjunctival sparing injection technique is used.

Retrobulbar injections of radiolabeled methyl prednisolone acetate (insoluble)
were found to produce elevated concentrations of steroid in the uvea, vitreous, and
lens compared to IM injections on the squirrel monkey (56). This finding was not
reproduced by Barry et al. (57), who also used radiolabeled methylprednisolone acet-
ate, but failed to show a significant difference in either vitreal or uveal concentrations
between treated and contralateral, untreated eyes after retrobulbar steroid injections
in the albino rabbit. This apparent difference may have been due to interspecies
variation or may be artifactual due to differences in tissue handling.

Weijtens et al. (58) compared vitreous and serum concentrations after peribulbar
injections of steroid in patients scheduled for vitrectomy. In this study, 61 eyes of
61 patients received a peribulbar injection, 5mg of dexamethasone disodium phosphate,
at various times before their vitrectomy. The steroid was injected transcutaneously
avoiding puncture of the conjunctiva. Analysis of vitreous and serum samples taken
at the same time showed that the mean peak serum concentration was more than four
times that of the intravitreal concentration at all time points. These eyes were, for rea-
sons not discussed, all scheduled for vitrectomies. This may have significantly affected
the kinetics of the eye, possibly increasing intravitreal permeation. Thus, it is entirely
possible that in healthy eyes the difference between systemic exposure and vitreal
absorption could be higher. The effect of periocular steroid injections to the vitreous
concentration in the contralateral eye was not investigated.

Intravitreal Systems

Direct intravitreal injection has the obvious advantages of being able to achieve
immediate therapeutic concentrations in the eye while largely avoiding systemic expo-
sure. However, following injection, drugs are rapidly eliminated from the vitreous,
typically by a first-order diffusion process, with half-lives of 24 hours or less. If sus-
pensions of relatively insoluble drugs, such as triamcinolone acetonide are injected
into the vitreous, their apparent half-life can be increased, although the intrinsic
half-life of the drug itself does not change. In this case dissolution of the suspended
drug is rate limiting rather than clearance of the drug itself (59). Repeated injections
are therefore required to maintain therapeutic concentrations in the eye and asso-
ciated risks of endophthalmitis, cataract formation, and retinal detachment have
reduced the application of this technique to a few, sight-threatening diseases such
as endophthalmitis and cytomegalovirus retinitis.

There have been many attempts to achieve sustained intraocular drug levels after
intravitreal injection. Moreira et al. (60,61) investigated the use of local gentamicin
injections dissolved in sodium hyaluronate gel (HealonTM, Pharmacia, Piscataway,
New Jersey, U.S.A.) in an attempt to achieve more efficacious, prolonged delivery;
however, there was no significant difference in either the half-life or the efficacy of gen-
tamicin injected in saline or Healon. This result may be attributable to the composition
of the gel. As described previously, although the bulk viscosity of Healon is high, the
microviscosity is much lower and thus for relatively small molecules little sustained
effect can be anticipated from their incorporation in such gels.

Intravitreal liposome injection as a means to achieve sustained intraocular
levels has been studied extensively. After injection, liposomes appear to be eliminated
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from the vitreous via a diffusional process through the anterior chamber with small
unilamellar vesicles (SUVs) having a half-life of 9 to 10 days and large unilamellar
vesicles (LUVs) having a half-life of approximately 20 days (62). Although liposomes
appear to be retained in the vitreous for a prolonged period, release of the drug from
the liposomes into the vitreous does not follow the same kinetic profile. As described
previously, release from liposomal systems is generally first order (i.e., dependent on
the concentration of the drug in the liposome). This kinetics gives rise to high initial
drug concentrations followed by progressively lower levels. For diseases that require
long-term therapeutic drug levels this may represent a considerable problem, as
would the potential for vitreous clouding. For endophthalmitis, however, these
drawbacks may be acceptable. To date, results obtained with liposomes as a sus-
tained release system have been mixed.

Liposome entrapment reduces the toxicity of intravitreally injected amphoter-
icin B in both rabbits and monkeys (63,64). However, reduced toxicity does not
necessarily correlate to increased efficacy. In 1989, Liu et al. (65) reported that lipo-
some entrapment actually decreased the efficacy of amphotericin B in a rabbit
model of fungal endophthalmitis (Candida albicans), presumably because the drug
was entrapped within the liposome and not available to exert its pharmacological
action. Potentially, this reduced efficacy could be offset by the administration of
more amount of the drug. Liu et al. (65) found that 20 mg of liposome encapsulated
amphotericin appeared as effective as 10 mg of free amphotericin after intravitreal
injection. Unfortunately, the pharmaceutical advantage of liposomal delivery, an
increase in the AUC (area under the curve) of free drug in the vitreous, did not
translate into a more effective treatment in this model. The potential exists, how-
ever, to use liposomes either as a means to achieve intracellular targeting within
the posterior segment, perhaps via cationic liposomes for gene transfer (66), or to
achieve cellular targeting, perhaps to phagocytotic cells such as the retinal pigment
epithelium (RPE) or macrophages (67,68). For these interactions the use of lipo-
somes perse may not be necessary, similar effects are achievable by the use of micro-
spheres. This was demonstrated by Kimura et al. (69) who showed intracellular
release of a dye from polylactic acid microspheres following their phagocytosis
by cultured RPE cells.

Other attempts have focused on intravitreal injections of a suspension of poly-
lactic acid (PLA) microspheres. Moritera et al. (70) showed that in vitro PLA micro-
spheres containing 1% adriamycin (doxorubicin) can give sustained, first-order
release for approximately two weeks.

DRUG ELIMINATION MECHANISMS

Drugs are cleared from the vitreous primarily by two routes. The anterior route
involves drainage into the anterior chamber and clearance with aqueous turnover
via bulk flow. The posterior route involves either active or passive permeation across
the retina and RPE and subsequent systemic dissipation (71,72). There is evidence
that for some, highly lipophilic, compounds clearance via the retinal blood vessels
may also play an important role (73).

Anterior Elimination

The anterior route has been found to be the primary elimination pathway for
small, hydrophilic compounds such as gentamicin (74), fluorescein glucuronide
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(75), and also for some relatively large compounds such as oligonucleotides (76).
These compounds typically have half-lives of 24 to 30 hours and are among the slow-
est small molecules cleared from the vitreous. Some compounds appear to be
transported both by the anterior route and the posterior route (77) and thus have
shorter half-lives.

Posterior Elimination

The posterior route involves transport across the lipophilic retina and the RPE. Pos-
terior elimination appears to occur via passive diffusion for lipophilic compounds
although active transport mechanisms also exist for some endogenous compounds
and also for some drugs. Forbes and Becker studied the vitreous elimination of radio-
labeled iodopyracet in rabbits and found that while 300 mg labeled with 1 mCi was
cleared rapidly with a half-life of three hours, 1.4mg (also labeled with 1 mCi) was
eliminated with an apparent half-life of 17 hours. This increase in half-life, they
speculated, was due to saturation of an active transport mechanism (78). Weiner
et al. (79) showed that systemic administration of probenecid, which acts by compe-
titive inhibition of weak organic acid transport, increased the intravitreal half-life of
iodopyracet to 17 hours. Similar findings were reported by Barza et al. (80,81) who
demonstrated that systemic administration of probenecid increased the half-life of
intravitreally injected carbenicillin and cefazolin in rabbits and monkeys.

The effects of agents that stimulate active elimination mechanisms have also
been investigated. Carbonic anhydrase is present in many ocular tissues including
the retina, the RPE, and ciliary processes and is important in the regulation of ion
transport (82). Systemically administered acetazolamide can enhance subretinal fluid
absorption across the RPE and has been investigated as a means to treat chronic
macular edema (83–85). Acetazolamide also increases vitreal elimination of fluores-
cein in primates and patients with retinitis pigmentosa (86,87).

Effects of Disease States

Similarly, disease states can have a marked effect on drug clearance from the eye.
The intraocular elimination of aminoglycosides such as gentamicin, which are nor-
mally eliminated via the anterior pathway, can be increased in inflamed eyes (55).
Conversely, inflammation can reduce elimination of predominantly posterior,
actively eliminated, beta-lactam antibiotics (81). Presumably, this is due to the
opposing effects of increased ocular permeability versus reduced active transport.

The elimination of fluorescein, which is actively transported out of the healthy
eye (75), is slowed in disease states such as retinitis pigmentosa (88), diabetes (89,90),
and chronic cystoid macular edema (91). Administration of sodium iodate to disrupt
the function of both the retina and RPE (92) was found to increase the half-life of
fluorescein from 4 to 12 (93).

In experimental models of diabetes, there are many changes in both RPE and
capillary permeability. Early in the course of diabetes, folding of the RPE surface
has been documented with a consequent increase in surface area (94,95). This appears
to be accompanied by an increase in permeability; both systemically administered
fluorescein and horseradish peroxidase (HRP) have been reported to leak through
the RPE into the retinal extracellular space (95–97). Other investigators, while con-
firming findings with fluorescein, have failed to reproduce the results with HRP
(98). Still other groups have examined the integrity of the diabetic blood–eye barrier
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by determining the accumulation of fluorescein-labeled albumin in the vitreous after
systemic administration. This was found to be mediated by intraretinal histamine
levels but was independent of the development of diabetic retinopathy (99). Clinically,
increased permeability to fluorescein is one of the earliest clinically detectable abnor-
malities in diabetic retinopathy (100,101).

Another effect of disease states such as diabetes and proliferative diabetic reti-
nopathy is an increase in the vitreous protein concentration, which may be partly,
but not entirely, due to vascular leakage (102,103). Thus, the decreased permeability
barrier (systemic to vitreous) and increased potential for protein binding within the
vitreous will tend to increase vitreous drug concentrations. The increased intravitreal
drug concentration is opposed by the decreased permeability barrier (vitreous to
serum) that may enhance vitreous elimination. The process is further complicated
by the effects of ocular diseases on active transport mechanisms.

Effects of Ocular Surgery on Drug Elimination

The integrity of the eye can also greatly affect drug clearance. Vitrectomy and lensect-
omy can both greatly increase elimination of drugs regardless of their primary elim-
ination route in the intact eye (104–106). Similarly, the use of gas to repair a retinal
detachment can affect the vitreous levels and the duration of sustained release systems
in the eye (107). Where possible, these factors should be considered and adjusted for
when contemplating pharmacological treatments of the posterior segment.

POSTERIOR DELIVERY IN DISEASE STATES

Direct intravitreal administration of agents has the advantage of achieving high
intraocular drug levels and of minimizing systemic exposure; however, this approach
clearly has the potential for considerable trauma. The acceptability of such a direct
approach is likely to be a function of the disease state of the eye, the likely outcome,
and of the possibility to combine administration with any other procedures already
being performed. The clinical acceptance of implanting a device for a relatively tri-
vial disease would be considerably lower than for a blinding disease in which the eye
is already open. It is thus appropriate to discuss the development of intraocular
delivery systems on a disease basis. The following discussion illustrates the principles
of intraocular drug delivery and the various delivery approaches in an ocular disease
specific context. A more detailed discussion of each of these conditions, and the
results of clinical studies using intraocular drug delivery systems to treat them,
appears in subsequent chapters.

Endophthalmitis

Intravitreal injections of antibiotics (which do not easily penetrate the eye by any
other route) are the cornerstone of the management of endophthalmitis although
adjunctive treatments, such as IV antibiotics and early vitrectomy have often been
employed. A recent multicenter study on postoperative endophthalmitis found that
IV antibiotics had no significant effect on clinical outcomes while early vitrectomy
was beneficial only in eyes with light perception or worse. In eyes with better vision,
early vitrectomy offered no significant benefit (see Chapter 6). The role of IV anti-
biotics in other causes of endophthalmitis such as trauma was not established in this
study (108). An ideal antibiotic for intravitreal use would have a long half-life in the
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vitreous, have a broad spectrum of action, and be nontoxic to the eye. Unfortu-
nately, no agent currently possesses all these properties so combinations are typically
used. Initially, a cephalosporin such as Cefazolin1 was used in conjunction with an
aminoglycoside such as gentamicin (109). Unfortunately, although aminoglycosides
have a relatively long intravitreal half-life they may cause toxicity (110) and some inves-
tigators consider that their use be limited to proven gram-negative infections (111) or
that they be replaced with third-generation cephalosporins such as ceftazidime (112).

The possible advantages of sustained delivery systems have been investigated
by several groups although as these infections are often acute, the maintenance of
high drug levels in the vitreous for periods of over one to two weeks is likely to be
of little direct benefit. Intravitreal injections are a simple procedure compared to
a vitrectomy but repeated injections are not considered attractive and control of
vitreous concentrations from such a regimen is difficult. A more thorough review
of pharmacological treatments in endophthalmitis is provided in Chapter 6.

Cytomegalovirus Retinitis

Cytomegalovirus (CMV) is relatively common in patients with acquired immunodefi-
ciency syndrome (AIDS), especially when the immune system is seriously compromised
(CD4 typically less than 50) (113). Although there are several drugs available to treat
the disease, their systemic toxicity and poor ability to cross the blood–eye barrier
complicates the clinical treatment. In the late 1980s, clinicians discovered that intravi-
treal injections of these drugs can maintain adequate control of CMV (114,115).
The rapid elimination of ganciclovir and foscarnet necessitates administration once
or twice each week, while intravitreal therapy with cidofovir (HPMPC), which has a
very long intravitreal half-life, is fraught with difficulty due to the narrow therapeutic
range of this compound (116–119).

Several groups have investigated intraocular antiviral sustained release systems
for CMV retinitis. Intravitreal injections of liposomally entrapped ganciclovir have
been used clinically but even in the liposomal form, the requirement for repeated
injections make this approach unappealing (120). One of the first successful methods
was a nonerodible intravitreal device composed of a solid core of drug coated with
several rate-limiting membranes (a membrane controlled system). This relatively
simple device gave zero-order release of ganciclovir (121) and initial studies showed
that the device was effective in the control of CMV retinitis in patients intolerant of
existing therapies (than IV ganciclovir or foscarnet) (122). Subsequent studies con-
firmed the efficacy of the device and after two pivotal phase III studies, one of which
was conducted by the National Eye Institute, the device was approved by the FDA
and is currently sold under the name VitrasertTM (22). The device must be inserted
through a 6mm incision through the pars plana and should be replaced once it is
depleted of drug (after 6 months), (123). Although this can be readily achieved,
one patient has received 14 implants for bilateral CMV over the last four years,
the situation is far from optimal (124). Fortunately, the development of highly active
antiretroviral therapy (HAART) has dramatically reduced the incidence of this dis-
ease (see Chapter 6).

Proliferative Vitreoretinopathy

Proliferative vitreoretinopathy (PVR) is characterized by the proliferation of cells,
thought to be mainly retinal pigment epithelial cells, macrophages, and fibroblasts
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on the retinal surface, undersurface, and within the vitreous. Despite the many
advances made in surgical technique, the need for a means to pharmacologically
inhibit cellular proliferation in the vitreous has long been identified (125).

Glucocorticosteroids were the first compounds that were used to pharmacolo-
gically reduce vitreoretinal scarring, and were initially selected on the basis of their
ability to inhibit fibroblast growth in vitro and in vivo as indicated by delayed cor-
neal wound healing after topical application (126). It is now accepted, however, that
one of the major mechanisms of their action is reduction of ocular inflammation and
moderation of blood–retina barrier breakdown. Corticosteroids have a bimodal
effect on fibroblast proliferation in vitro and can stimulate proliferation at low doses
and inhibit it at high doses (124). Intraocular penetration from topical drops is very
low and no studies have demonstrated efficacy against PVR. Ocular penetration
from systemic dosing (oral or IV) is also very low and high doses are required for
an ocular effect (127). The systemic toxicities resulting from prolonged systemic ster-
oid administration are well known and include hypertension, hyperglycemia,
increased susceptibility to infection, peptic ulcers, aseptic necrosis of the femoral
head, and hirsutism (128).

Corticosteroid suspensions were among the earliest (and simplest) sustained
release injectable drug delivery systems investigated. In the early 1980s, Tano et al.
(129,130) published their work on intravitreal injection of 1mg of dexamethasone
(alcohol) suspended in 100 mL saline into the mid-vitreous in a rabbit model of
PVR. Once injected, particles of dexamethasone slowly dissolved over 7–14 days,
thus maintaining levels of the freely dissolved, biologically active drug in the eye.
In the model used, the first reported fibroblast injection PVR model, suspensions
of dexamethasone appeared to inhibit PVR development although statistical signifi-
cance was only achieved on day seven. Injection of the more soluble dexamethasone
phosphate (1mg in solution) was less effective due to its rapid clearance from the
vitreous (tl/2 of three hours). The same group achieved better results with suspen-
sions of triamcinolone acetonide (kenalog). This compound is less soluble than
dexamethasone alcohol and provided longer sustained release; drug particles were
seen in the vitreous several months after injection (131). Pretreatment with intra-
vitreal triamcinolone acetonide has been shown to inhibit the proliferation of
injected fibroblasts in a rabbit model of PVR and hence reduce the occurrence of
retinal detachment (132).

Injection of low-solubility drug suspensions, although technically simple, has
many disadvantages including poor drug release kinetics. The concentration of drug
freely dissolved in solution (and hence pharmacologically active) is a function of the
suspension dissolution rate which, within the vitreous, is difficult to control. Within
the vitreous, the concentration achieved is governed by the balance between the dis-
solution rate of the particles and the elimination of dissolved drug from the vitreous.
High initial drug levels followed by progressively lower levels are therefore likely.

Optimal steroid therapy for PVR would maintain therapeutic levels in the vitr-
eous for a prolonged period; at present this can only be achieved by prohibitively
high systemic dosing or intravitreal injections (which do not maintain constant drug
levels). A sustained release device that maintains constant therapeutic intravitreal
levels with minimal systemic exposure may prove useful in the clinical management
of PVR, although the potential for ocular effects such as elevation of intraocular
pressure and cataract cannot be ignored.

The local use of cytotoxic chemothetic agents has also been investigated as
a means to treat or prevent PVR. Intravitreal injections of daunorubicin have been
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used clinically to treat traumatic PVR with some success; however, concerns exist as
to the safety of this agent (133). Daunorubicin, although an effective antiprolifera-
tive agent, is not cell-cycle specific and can be expected to interact with a variety
of cells in the eye, causing toxicity. A cell-cycle specific agent, being preferentially
toxic to actively dividing cells within the vitreous, may prove more effective.

Five–Fluorouracil (5-FU) has been widely investigated for possible use against
PVR. Although 5-FU is effective, at least in vitro, in suppressing fibroblast prolifera-
tion, its half-life in the vitreous is less than eight hours (134). Early on, it was found
that the retina is relatively sensitive to 5-FU with some evidence of toxicity apparent
following intravitreal injections of 1mg 5-FU (135). These findings indicated that
high bolus intravitreal dosing was not likely to achieve prolonged therapeutic levels
and stimulated the investigation of various delivery systems as a means to achieve
sustained release.

The potential exists to use silicone oil as an intravitreal reservoir for drugs lipo-
philic enough to dissolve in this highly lipophilic fluid. The stability and release of
the anticancer agent carmustine (or BCNU) from silicone oil was studied by Chung
et al. (136) in the late 1980s. The same group then went on to examine silicone oil as
a means to deliver the highly lipophilic compound retinoic acid. In the rabbit model,
retinoic acid dissolved in silicone oil appeared to decrease the rate of retinal detach-
ments due to PVR although this was not statistically significant (137). In an attempt
to extend the number of drugs incorporated into the silicone, others investigated a
series of highly lipophilic prodrugs of 5-FU (138). These were designed to dissolve
in silicone oil and be slowly released into the residual vitreous. Once in solution,
the prodrugs were rapidly hydrolyzed, regenerating 5-FU.

Despite some encouraging data, a major problem with this approach is the
inability to control drug release from silicone oil. Release can once more be expected
to follow either square root time kinetics (if diffusion through the oil is rate limiting)
or first-order kinetics (if partitioning out of the oil into the vitreous is rate limiting).
Thus, constant drug levels would be difficult to achieve using release from such
a vehicle. The use of such a delivery system would, in any case, be limited to cases
of severe PVR in which silicone oil is employed.

Liposomes have been investigated as an alternate delivery system; most works to
date have used liposomes as drug reservoir systems rather than as means to achieve
cellular or intracellular targeting. Joondeph et al. (139) reported that liposome en-
capsulation of 5-FU reduces the toxicity of intravitreal 5-FU injections allowing
higher doses to be administered (1.6mg of the liposomal form). This reduction in
toxicity is, however, marginal and of limited practical use. Liposomal injections of
5-fluorouridine have been tested in monkeys but were accompanied by unacceptable
toxicity, possibly due to the large doses of drug used (over 20mg) (140). Five–Fluor-
ouridine is approximately 100 timesmore potent than 5-FU (141).Maignen et al. (142)
reported that liposomally entrapped mitoxantrorie was as effective as the free drug in
the inhibition of rabbit subconjunctival fibroblasts in an ex-vivo model.

Degradable microspheres of PLA have been investigated as a means to sustain
the release of antimetabolites for the treatment of intraocular proliferative disease.
Moritera et al. (70) showed that in vitro PLA microspheres containing 1% adria-
mycin (doxorubicin) can give sustained, first-order release for approximately two
weeks. This sustained release reduced the toxicity of adriamycin compared to injec-
tions of a free solution as measured by electroretinogram (ERG).

As PVR is generally treated by a surgical procedure in which the eye is opened,
the barrier to inserting a drug delivery device is likely to be small, especially if such a
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device offers advantages in terms of improved drug delivery. An implantable device
could be kept out of the visual axis and provide better drug release and distribution.
Several investigators have prepared implantable delivery systems for PVR. The pri-
mary requirements of an ideal implant are that it should cause no inflammation
when implanted in the eye, be easily inserted, cause no damage to ocular structures,
and it should release its drug (or drugs) at the required rate for the required duration.
An ideal system should not require removal at the completion of therapy, i.e., it
should rapidly and safely erode when it has released its drug or at least be safe to
remain in the eye indefinitely.

A bioerodible sustained release implant for 5-FU composed of a PLA matrix of
5-FU coated with PLA was found to significantly reduced the severity of PVR in
a rabbit model (143). This device maintained levels of 5-FU between 1 and 13 mg/
mL in the vitreous for 14 days. Importantly, no evidence of drug- or polymer-related
toxicity was noted even though the device did not fully erode during the experiment
(28–day duration). Although the model used did not progress to total retinal detach-
ment, the finding that sustained release 5-FU can significantly inhibit the develop-
ment of PVR is extremely important.

Another approach has been the use of codrug implants. In this case, the
codrugs used formed an insoluble conjugate. Parent drugs were released as the con-
jugate dissolves and hydrolyzed in the vitreous. In this system, the release rate can be
adjusted to give either first- or zero-order release and enables either simultaneous or
asynchronous release of the two drugs. Another advantage is that no polymer is
necessary to control release. Jaffe and coworkers reported that a codrug pellet pro-
viding constant, equimolar release of 5-FU and triamcinolone was effective in the
prevention of PVR in a rabbit model (144). They subsequently found that a more
advanced codrug that provided release of 5-FU over approximately two weeks,
and a longer release of fluocinolone acetonide was even more effective (145). A more
detailed discussion of drug delivery and PVR is provided in a later chapter.

PHOTODYNAMIC THERAPY

In recent years, photodynamic therapy (PDT) has received considerable attention as
a new means to treat age-related macular degeneration. The basic concept is to deli-
ver a pharmacologically inactive compound to a target tissue and then activate the
compound by exposure to light. Ideally, the only region to be exposed to the active
form of the compound would be those tissues exposed to the drug and to light. Thus,
there is increased potential for achieving a localized effect. Despite the recent flurry
of activity, the idea is an old one and can be traced back to the work of Tappeneir
and Jesionek who, in 1903, reported the effects of topical administration of eosin and
white light as a means to treat skin cancer.

In an extremely inventive approach, PDT with liposomes has been used to
achieve localized delivery of highly toxic, short-lived, free radicals to neovascular tis-
sue. A dye, photoporphorin, is encapsulated in liposomes which are injected intra-
venously. A laser fired into the eye simultaneously destabilizes the dye molecule
causing it to form a free radical and destabilizes the liposome causing it to release
the free radical. The free radical interacts with the first tissue it encounters, in this
case the neovascular tissue. PDT is one of the only treatments currently available
for age-related macular degeneration (see Chapter 6).
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FUTURE OPPORTUNITIES AND CHALLENGES

Increased understanding of diseases such as retinitis pigmentosa, proliferative dia-
betic retinopathy, and age-related macular degeneration can be expected to produce
new cellular targets and drug candidates. Our increasing ability to deliver these agents
in a safe and effective way will offer new opportunities to treat currently blinding dis-
eases. The technologies required to deliver agents specifically and effectively to the eye
are rapidly evolving. These technologies will have the potential to radically alter the
way many, especially vitreoretinal, diseases are treated. The next decade promises
great strides in therapy for many poorly treated or untreatable ocular diseases.
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INTRODUCTION

The blood–retinal barrier controls the flux of fluid and blood-borne elements into the
neural parenchyma, helping to establish the unique neural environment necessary for
proper neural function. Loss of the blood–retinal barrier characterizes a number of
the leading causes of blindness including diabetic retinopathy and age-related macu-
lar degeneration. In this chapter, the structure of the tight junctions that constitute
the blood–retinal barrier will be examined with specific emphasis on the transmem-
brane tight junction proteins occludin and claudin, which form the seal between
adjacent endothelial cells. In addition, alterations that occur to the tight junction
proteins in diseases such as diabetic retinopathy will be addressed. Finally, the use
of glucocorticoids to restore barrier properties and the effect of this hormone on
tight junctions will be discussed.

FUNCTION OF THE BLOOD–RETINAL BARRIER

The blood vessels of the retina, like those of the brain, develop a barrier that
partitions the neural parenchyma from the circulating blood. Together with the ret-
inal pigmented epithelium, the blood vessels of the retina create the blood–retinal
barrier. This unique barrier is composed of the junctional complex that includes
the tight junctions, originally called the zonula occludens (ZO), the adherens junc-
tions, and desmosomes. The unique barrier properties of the blood vessels in neural
tissues are the result of well-developed tight junctions. The initial ultrastructural
characterization of this barrier was achieved by electron microscopy. Most notably,
horseradish peroxidase, used as a tracer in electron microscopy, diffuses only up to
the tight junction in brain cortical capillaries: in other tissues without tight junctions,
this marker diffuses out of the vascular lumen (1). Similar studies in the retina with

27



tracers reveal that tight junctions mediate the blood–retinal barrier, preventing
solute flux into the retinal parenchyma (2,3).

This tight control of blood elements into the retinal parenchyma is necessary
for a number of reasons related to neural function. First, the neural tissue maintains
constant exchange of metabolites between glia and neurons. For example, glucose is
metabolized by glia and provided to the neurons as lactate for oxidation and energy
production. Thus, the neural tissue requires a defined and controlled environment.
Second, the ionic environment must be tightly controlled to allow neurons to estab-
lish and control membrane potentials and depolarization in neuronal signaling.
Third, the blood contains amino acids used as protein building blocks as well as inter-
mediate metabolites. These amino acids are used by the neural tissue as signalingmole-
cules; for example, glutamate and aspartate. The blood typically maintains relatively
high concentrations of these excitatory amino acids. Their entry into the neural
parenchyma must be tightly controlled to maintain proper neural signaling. Thus,
the blood–retinal barrier protects neural tissue by regulating flow of essential metabo-
lites into the tissue to control the composition of the extracellular environment.

FORMATION OF THE BLOOD–NEURAL BARRIER

The formation of the tight junction complex and the blood–neural barrier depends
on the close association of glia with the endothelial cells in the capillaries and arteri-
oles traversing the neural tissue. Evidence for glial induction of endothelial barrier
properties comes from a variety of experimental approaches. First, on a morphologic
level, astrocytes make close contact with the endothelial cells of both arterioles and
capillaries in the retina. Figure 1 depicts whole mount immunostaining for a specific
tight junction protein, occludin in panel A and in panel B, the same section of retina
stained for glial fibrillary acid protein is shown. This close association between astro-
cytes and endothelia is also observed in brain blood vessels, suggesting a role for glia
in endothelial barrier induction. In the capillary plexus of the retinal outer plexiform
layer, the Müller cells may provide the glial support supplied by the astrocytes in the

Figure 1 Astrocytes make close contact with endothelial cells within the retina. (A) Immu-
nostaining for the tight junction protein occludin reveals a high degree of well-organized tight
junctions in the arterioles and capillaries of the retina. (B) Glial fibrillary acid protein staining
demonstrates that astrocytes make close contact with the endothelial cells within the retina.
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capillary plexus of the ganglion cell layer. Further support is obtained by coculture
experiments that demonstrate that close contact of astrocytes or brain slices can
confer increased barrier properties to endothelial cells (4–6). In addition, astrocyte-
conditioned media supplemented with agents that increase cAMP can dramatically
increase barrier properties of endothelial cell culture, suggesting a soluble component
may confer barrier properties (7). Finally, introduction of astrocytes (8) or Müller cells
adjacent to normally leaky blood vessels increases barrier properties (9). The ability of
glia to induce endothelial barrier properties suggests that loss of the blood–retinal
barrier in eye disease could be related to changes in glial function or association with
the retinal endothelium.

OCULAR DISEASE AND LOSS OF THE BLOOD–RETINAL BARRIER

While normal retinal function requires the blood–retinal barrier, loss of this barrier
characterizes a wide array of retinal complications and precedes neovascularization.
Increased vascular permeability, observed as macular edema, is a common character-
istic of diabetic retinopathy, with a prevalence of 20.1% and 25.4% of type 1 and
type 2 diabetic patients, respectively (10,11). Furthermore, 27% of patients in the
secondary intervention arm of the diabetes control and complications trial developed
macular edema within nine years (12). Indeed, loss of the blood–retinal barrier in
diabetic retinopathy is still one of the earliest detectable events in diabetic retinopa-
thy and macular edema is the clinical feature most closely associated with loss of
vision (13). Loss of the blood–retinal barrier includes increased permeability in both
the blood vessels and retinal pigmented epithelium but altered vascular permeability
appears to precede changes in the pigmented epithelium in diabetes (14). In addition,
retinal vein occlusion results in blood–retinal barrier breakdown as seen upon vascu-
lar reperfusion, as does uveoretinitis and age-related macular degeneration. Changes
in the pigmented epithelium likely dominate in the latter. Thus, loss of the normal
blood–retinal barrier is a common feature to many retinal degenerative diseases that
are the leading causes of vision loss in Western society, making development of
therapies to prevent loss of barrier properties or restore barrier properties a high
priority in vision research.

Increased growth factor production from the neural retina and cytokine
production from inflammation both contribute to the loss of the blood–retinal
barrier in diabetic retinopathy. Changes in ocular growth factors and their receptors
include insulin-like growth factor 1 and its binding proteins, platelet-derived growth
factor, fibroblast growth factor, and vascular endothelial growth factor (VEGF) (15–
18). Immunohistochemistry and in situ hybridization studies demonstrate that the
expression of VEGF and its receptors increase by six months of experimentally
induced diabetes within the retinal parenchyma (19–21); in Goto–Kakizaki rats, a
model of type 2 diabetes, the level of hormone is significantly elevated over control
by 28-weeks. In addition, measurements of VEGF content in patients with prolifera-
tive diabetic retinopathy reveal that many, but not all patients, have increased
hormone in the vitreous fluid (22,23) and in epiretinal membranes (24). VEGF
expression in the retina occurs before the onset of proliferative retinopathy, suggest-
ing a role for this growth factor specifically in vascular permeability (25,26).

In addition to neural production of VEGF, inflammation contributes to
vascular permeability as well. Leukostasis increases in the capillaries of the retina
in animals made diabetic by streptozotocin. Inhibition of leukostasis with antibodies
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to adhesion molecule intracellular adhesion molecule (ICAM), which block the leu-
kocyte-endothelial interaction, also reduce retinal vascular permeability (27). The
contribution of various cytokines and chemokines to vascular permeability in diabetic
retinopathy are now under intense investigation and a functional role for these cyto-
kines in permeability has already been demonstrated (28). Furthermore, oxygen free-
radicals may cause disruption of the blood–retinal barrier. In vitro studies of the
retinal-pigmented epithelium (29) and endothelial cells (30,31) suggest that hydrogen
peroxide may disrupt barrier properties. Oxygen free-radical productionmay be due to
an inflammatory response, ischemia reperfusion, or, in the case of diabetes, from dys-
regulation of metabolism. Thus, the contribution of free-radical production on barrier
properties in disease states is an area in need of further study. These studies demon-
strate that multiple insults alter the blood–retinal barrier in diabetic retinopathy.
Understanding how diabetes changes the molecules that constitute this barrier may
provide a means to prevent or reverse the loss of the barrier regardless of the insult.

MOLECULAR ARCHITECTURE OF THE BLOOD–RETINAL BARRIER

Tight junctions confer the barrier properties to the endothelial cells within the retinal
vasculature creating the blood–retinal barrier. The tight junctions are composed of
two transmembrane proteins, occludin and claudin, known to provide barrier prop-
erties. These proteins are linked through adaptor proteins, such as the ZO family
members, to the cell actin cytoskeleton. Occludin and claudin share a common struc-
tural motif; specifically, both proteins span the membrane four times, creating two
extracellular loops that dimerize with proteins in the tight junction of adjacent
endothelial cells, helping to create the paracellular seal. However, occludin and
claudin contribute unique functionality to the tight junction. This chapter will focus
on how these transmembrane proteins are involved in barrier formation. Additional
junction-specific proteins may provide important differences to the composition and
function of the junctional complex between endothelial and epithelial cells. For
example, cingulin is an epithelial restricted tight junction protein (32,33) and
junction-enriched and associated protein (JEAP) is an exocrine specific protein
(34). However, the differences between endothelial cell and retinal pigmented epithe-
lial cell junctional proteins have not yet been characterized.

CLAUDINS

The claudins are made of at least 24 separate gene products whose expression helps
to determine barrier properties of the tight junctions (35–38). Claudin family members
exhibit distinct tissue expression patterns (39–41). Claudin 5 expression is largely
restricted to the endothelium (42) but in some cases is expressed in retinal vasculature
as well (43). The brain endothelium also expresses claudin 1 (44); however, little has
been done to examine additional claudin expression in the retinal vasculature. Expres-
sion of claudins in cell lines that normally lack tight junctions has helped in proposing
important principles. First, claudin expression in cells that do not express additional
junctional components shows that these cells are capable of forming limited strands
that mimic tight junctions in vivo (45). In contrast, occludin forms a punctate staining
pattern with much less extended tight junction-like strands (45). However, cotransfec-
tion of occludin with claudins results in occludin integration into the tight junction

30 Antonetti et al.



strands. Expression studies have also demonstrated that claudins can form homo-
meric and heteromeric complexes with specific restrictions. For example, coculture
studies with cells expressing claudin 1, 2, or 3 indicate that claudin 3 interacts with
claudin 1 and claudin 2 on adjacent cells; however, claudin 1 and claudin 2 do not
interact (46). Finally, gene deletion studies have demonstrated the role of claudins
in barrier formation. Claudin 1-deficient mice die within one day of birth due to
transepidermal water loss (47). Specifically relevant to the blood–neural barrier,
claudin 5-deficient mice demonstrate increased permeability across the blood–retinal
barrier, specifically to molecules of less than 800Da (48). These studies reveal that
claudins help to create the barriers that comprise the tight junctions.

Specific expression patterns of claudins provide the character of tight junctions,
particularly in relation to electrical resistance. Transfection experiments demonstrate
that expression of claudin isotypes can directly affect ion selectivity and conductance
(49). The effect of charge selectivity was most dramatically shown when three amino
acids in the first extracellular loop of claudin 15 were mutated from a negative charge
to a positive charge. This mutation changed the tight junction from allowing Naþ

flux and preventing Cl� flux to becoming permissive for Cl� flux and inhibitory of
Naþ flux. Thus, claudins can form barriers to specific ions and create conductance
channels for other ions. To date, little is known regarding the nature of the tight
junctions in the retina in relation to ionic selectivity.

OCCLUDIN

Occludin is encoded by a single gene but may be alternatively spliced or initiated from
an alternative promoter, yielding novel variants (50,51). The expression of occludin
correlates well with the degree of barrier properties in various tissues. For example,
arterial endothelial cells express 18-fold more occludin protein than venous endothe-
lial cells and form a tighter solute barrier (52). Similarly, occludin is highly expressed
in brain endothelium coincident with the formation of the blood–brain barrier and is
expressed at much lower levels in endothelial cells of non-neuronal tissue, which have
less barrier properties (53). In the retina, the endothelium of the arteries, arterioles,
and capillaries express a relatively high degree of occludin that is well organized at
the cell border. In contrast, the venules and veins express a lower amount of occludin
and localization to the cell border is minimal (43,54).

A number of experiments, performed mostly in epithelial cells, demonstrate that
occludin contributes to the barrier function of tight junctions. Antisense oligonucleo-
tide experiments demonstrate a decrease in barrier properties associated with a reduc-
tion of occludin content (52). Expression of chicken occludin inMadin-Darby Canine
Kidney Epithelial (MDCK) cells under the control of an inducible promoter substan-
tially increased transcellular electrical resistance (TER) and increased the number of
tight junction strands compared to untreated cells (55). In contrast, synthetic peptides
targeting the second extracellular loop of occludin (OCC2) significantly decreased the
TER and increased the flux of several paracellular tracers in confluent monolayers of
a Xenopus kidney epithelial cell line (56). Furthermore, the OCC2 peptide promotes
the degradation of occludin by competitively inhibiting occludin-mediated cell-cell
adhesion. In a similar study, synthetic peptides homologous to regions of the first
extracellular loop of occludin prevented junction resealing after calcium depletion
and readdition, as measured by TER (57). These studies support a role for occludin
in barrier formation of tight junctions.
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Gene-deletion experiments have demonstrated a more complex role for occlu-
din in tight junction barrier formations. Embryonic stem cells from occludin null
mice formed cystic embryoid body structures with an outermost layer of epithelial
cells, similar to wild-type embryonic cells (58). Ultrastructural analysis revealed no
changes in the tight junctions; the tight junction protein ZO-1 exhibited normal locali-
zation at apical junctional regions in the outermost layer of epithelial cells and no
change in barrier properties was observed in the occludin null cells. However, the
adult occludin homozygous null mice, although viable, possessed a host of abnor-
malities (59). Occludin-deficient mice exhibited postnatal growth retardation, male
knockout mice were infertile, and female knockout mice were unable to suckle their
litters. Overall, these mice exhibited abnormalities in the testis and salivary gland,
thinning of compact bone, calcium deposits in the brain, chronic gastritis, and hyper-
plasia of the gastric epithelium. In addition, recent studies using siRNA to occludin
demonstrate that occludin forms a barrier to organic acids up to 6.96 Å, such as argi-
nine and choline (60). Thus, these studies have led to the hypothesis that occludin
contributes to the regulation of barrier properties by creating a doorway or regulated
pore through the tight junction.

Occludin associates with a number of structural and regulatory molecules
supporting a model in which occludin contributes to regulation of barrier properties.
The C-terminal cytoplasmic domain of occludin binds to ZO-1 in vitro (61), and this
interaction may serve to link occludin to the actin cytoskeleton (62). Similarly, ZO-2
and ZO-3 bind to the C-terminus of occludin in vitro (63,64). In addition to this link
to the cell cytoskeleton, occludin interacts with a number of regulatory proteins at
tight junctions. Use of a 27 amino acid region of the C-terminus of occludin that
encodes a putative coiled–coiled domain helped identify several occludin-binding
proteins: protein kinase C-z, c-Yes, connexin-26, and p85, the regulatory subunit
of phosphatidylinositol 3-kinase (65). Occludin may also interact with proteins via
its N-terminal cytoplasmic region. The E3 ubiquitin–protein ligase, Itch, was found
to associate with the N-terminus of occludin in vitro and in vivo, suggesting that occlu-
din content or localization may be regulated by ubiquitination (66). These protein–
protein interactions may regulate junction formation and barrier properties.

Occludin phosphorylation may provide a molecular mechanism to control
barrier properties. Studies from our group have demonstrated that both VEGF
and shear stress induce permeability across endothelial monolayers associated with
a rapid phosphorylation of occludin (67,68). The occludin phosphorylation was atte-
nuated by a non-hydrolyzable cAMP analog that also inhibits shear-induced perme-
ability (68). This phosphorylation of occludin appears to be serine or threonine
directed since immunoprecipitation of occludin and phosphotyrosine blotting did
not reveal any evidence of occludin tyrosine phosphorylation in this cell system
(unpublished observation). However, in epithelial cells, evidence of occludin tyrosine
phosphorylation exists (69). In addition, others have identified occludin phosphory-
lation in response to histamine (70) and use of brain extracts has helped identify
casein kinase II as an occludin kinase (71). Collectively, this work demonstrates a
close association of occludin phosphorylation with permeability. Future studies
identifying specific occludin phosphorylation sites, followed by mutational analysis,
should reveal the functional significance of occludin phosphorylation.

In addition to occludin phosphorylation, redistribution of occludin may
contribute to loss of the blood–retinal barrier. Both VEGF and diabetes induce a
redistribution of occludin from the plasma membrane to the cell cytoplasm
(43,54). A similar change in junction organization was observed in retinal-pigmented
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epithelial cells in response to hepatocyte growth factor (72). In an epithelial cell cul-
ture system, platelet-derived growth factor, a growth factor closely related to VEGF,
stimulated the redistribution of occludin and other tight junction proteins from the
plasma membrane to an early endosome compartment (73). Recent experiments sup-
port a model in which occludin recycles through an endosomal compartment (74)
and that endocytosis occurs through a clathrin-mediated pathway in epithelial cells
(75). One potential molecular mechanism for VEGF-regulated permeability includes
occludin phosphorylation releasing occludin from a neighboring endothelial tight
junction. Next, endocytosis of occludin leads to its translocation from the cell
plasma membrane to an internal compartment. However, many other possible
models exist to describe the data and future studies on both phosphorylation and
recycling of occludin and are necessary to elucidate the pathological mechanisms
for loss of endothelial barrier properties.

RESTORING BARRIER PROPERTIES

A number of therapies are currently under trial for diabetic retinopathy, therapies
that have been developed to prevent loss of vascular barrier function. These methods
include binding VEGF and preventing receptor activation through the use of a
VEGF aptamer (76) or a modified, soluble VEGF receptor, the VEGF trap
(77,78), or preventing VEGF signal transduction with the use of a protein kinase
C inhibitor (79). However, little has been done to consider induction of barrier prop-
erties once lost. Our laboratory and others have demonstrated that VEGF and dia-
betes reduce occludin content (80,81), increase occludin phosphorylation, and
stimulate occludin redistribution as described earlier. Glucocorticoids have been
used to treat brain tumors for over 35 years (82,83). Brain tumors possess a number
of similarities to diabetic retinopathy in relation to vascular changes. In both cases, a
blood–neural barrier characterized by a high degree of well-developed tight junctions
is altered leading to increased permeability. An increase in VEGF or inflammatory
cytokines is believed to contribute to the loss of barrier function. Given the success
of steroids to reverse vascular permeability, it is hypothesized that this steroid hor-
mone acts on the endothelial cells to induce formation of the tight junctions. Indeed,
our studies demonstrate that glucocorticoids directly act on endothelial cells to
increase expression of occludin and its assembly at the cell border, reduce occludin
phosphorylation, and increase barrier properties (84). The effect of glucocorticoids
on endothelial cells was also observed by Hoheisel et al. (85), who demonstrated that
hydrocortisone treatment increases TER nearly threefold and reduces sucrose per-
meability fivefold in pig brain capillary endothelial cells in a dose-responsive manner.

A positive effect of glucocorticoids on barrier properties has also been observed
in epithelial cells. Dexamethasone treatment for four days increases the electrical
resistance and reduces radiolabeled mannitol and insulin flux across 31EG4 nontrans-
formed epithelial cells (86) and the Con8 mammary epithelial tumor cell line (87).
Dexamethasone treatment increased ZO-1 content in the 31EG4 cells by slightly more
than twofold after four days treatment while RNA content did not change (88). This is
in contrast with the finding in bovine retinal endothelial cells in which ZO-1 content did
not change but its redistribution to the cell border dramatically increased with hydro-
cortisone treatment (84). The redistribution of ZO-1 was also observed in epithelial cells
and may be related to fascin expression, which is thought to bind to ZO-1 and retain
the protein in the cytoplasm (89,90). Glucocorticoids downregulate fascin and allow
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redistribution of ZO-1 to the cell border and organization of tight junctions. Whether
a similar mechanism contributes to endothelial barrier induction in response to gluco-
corticoids remains unknown at present. Furthermore, others have demonstrated an
increase in occludin in response to glucocorticoids in epithelial cells (91). Thus, steroids
induce tight junction protein expression and redistribution to the plasma membrane in
epithelial and endothelial cell systems. Localized delivery of glucocorticoids may pro-
vide a means to restore barrier integrity and reduce inflammation in diabetic retino-
pathy (Fig. 2). However, given the risks associated with prolonged steroid use, it is
imperative to determine the molecular mechanisms by which glucocorticoids control
barrier properties so that novel, more specific therapies may be developed.

In conclusion, recent evidence indicates that permeability at the vascular
blood–retinal barrier is regulated by a number of tight junction proteins that act
together to protect the neural tissue. Diabetes leads to loss of the blood–retinal
barrier by altering the content, phosphorylation state, and localization of tight
junction proteins such as occludin. New treatment approaches are designed to target
the regulation of the tight junction proteins in order to prevent macular edema and
preserve vision in people with diabetes.
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INTRODUCTION

The mammalian retina comprises a rich, heterogeneous mosaic of neuronal morpho-
logical phenotypes intermeshed in an intricate pattern of synaptic connectivity. This
cellular diversity is further amplified by a wide variety of neurochemical phenotypes,
defined by specific expression patterns of numerous neurotransmitters, receptors, and
transporters, as well as intracellular regulators such as calcium binding proteins. This
complexity confers, in part, regional specializations in the retinal wiring and reflects
distinct regional metabolic requirements of retinal neurons. An implication of this
cellular diversity is that populations of retinal neurons exhibit differential vulnerabil-
ity to a variety of diseases or injuries, including genetic, environmental, and metabolic
insults. The endpoint for all of these insults is neuronal cell death (either necrotic or
apoptotic), and a major challenge in ophthalmology is to prevent or delay retinal
neuron loss, even in the face of a continued disease process—hence, neuroprotection.
Differential, or selective, vulnerability of retinal neurons also suggests multiple
potential targets for cell- or pharmacological-based neuroprotective interventions.
The goal of this chapter is to review the expression patterns of a number of cellular
and molecular targets (i.e., cell surface receptors, intracellular regulators of cell
death, and differential sensitivity to trophic factors) that may underlie a particular
nerve cell’s predilection for survival or death in the face of disease.

EXCITOTOXICITY AS A STIMULUS FOR NEURONAL CELL DEATH

Excitatory neurotransmission in the central nervous system (CNS), including the
retina, is accomplished primarily by the amino acid glutamate. In the retina, gluta-
mate is released by photoreceptors, bipolar cells, and ganglion cells, presynaptically,
in normal neurotransmission (1–6). Normally, glutamate is rapidly removed from
the extracellular space following its release at the synapse. Glutamate removal is
accomplished both by binding to specific postsynaptic receptors that mediate activa-
tion of the postsynaptic cell and removal by glutamate transporters located in the
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plasma membranes of both neurons and Müller glial cells. Thus, glutamate in the
synaptic cleft is typically maintained at a low level (7,8).

Multiple glutamate receptor subtypes have been identified, and these are charac-
terized based on their sensitivities to different glutamate receptor analogs (Table 1) (1).
Glutamate binds to both ionotropic receptors, which, in heteromeric association,
form ion channels in the neuronal plasma membrane, and metabotropic receptors,
which are coupled to G-protein-mediated pathways. Ionotropic glutamate receptors
(iGluR) can be further subdivided into those that bind glutamate and its analog
N-methyl-D-aspartate (NMDA, i.e., NMDA receptors) and those that are sensitive
to kainate, alpha-amino-3-hydroxy-5-methyl-4-isoxazoleproprionic acid (AMPA),
and quisqualate (i.e., non-NMDA receptors). Binding to the NMDA receptor is
further characterized by a preferential increase in Ca2þ permeability. In the retina,
NMDA-type glutamate receptors are localized to ganglion cells and to some amacrine
cells (9–13), and their responses can be blocked by the selective antagonists MK-801,
AP-5 (2-amino-5-phosphonopentanoic acid), andAP-7 (2-amino-7-phosphoheptanoic
acid) (14,15).

There is considerable evidence that overstimulation of glutamate receptors
promotes cell death in a number of retinal disease processes. Glutamate overstimula-
tion may be particularly important in acute ischemic injuries, but it also may play a
role in diabetic retinopathy (16) and chronic neurodegenerative processes such as
glaucoma (17). Evidence for this includes the observation that glutamate levels are
elevated in the vitreous of patients with these conditions (16,17).

Retinal ischemic injury, for example, has been shown to result in the oversti-
mulation of ionotropic glutamate receptors following the extracellular accumulation
of glutamate (18,19). This effect appears to involve, in particular, the NMDA
class of glutamate receptors. The subsequent excessive influx of calcium results in

Table 1 Glutamate Receptor Functional Subtypes and Gene Subunits

Note: Glutamate receptors are subdivided into two main functional classes, those that regulate ion

channels (ionotropic receptors) and those that activate second messenger systems through activation of

G-coupled proteins (metabotropic receptors). The ionotropic receptors are further subdivided into sub-

types, based on the specificity of their activation by specific ligands (NMDA, AMPA, or kainate). The

molecular structure of these subtypes is conferred by the patterns of expression of specific genes. Similarly,

the metabotropic receptors either stimulate the generation of IP3 (and diacylglycerol) resulting in an

increase in intracellular Ca2þ (Class I) or, alternatively, inhibit adenylate cyclase and stimulate the genera-

tion of cAMP (Classes II and III). Likewise, these classes are conferred by the specific gene expression.

Abbreviations: NMDA, N-methyl-D-aspartate; AMPA, alpha-amino-3-hydroxy-5-methyl-4-isozazole

proprionic acid.
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the activation of intracellular pathways that trigger cell death, including the apopto-
tic cascade and generation of free radicals (described later).

Based on evidence that glutamate overstimulation is important in ocular
neuronal cell death, an initial extracellular target for neuroprotective intervention
is the glutamate receptor. In the retina, a component of neurochemical diversity is
conferred by the differential distribution of glutamate receptor subunits to a variety
of retinal neurons. Thus, retinal neurons may have differential vulnerabilities to
injury. This suggests specific cellular targets for neuroprotection. Indeed, glutamate
receptor antagonists, such as memantine and MK-801, prolong survival of neurons
in glaucoma and ischemic injury, respectively (20–22). Memantine may have more
therapeutic benefit, in as much as it is a more specific uncompetitive antagonist and
has a voltage-dependent fast off rate, making it therapeutically safer.

Experimentally and therapeutically, a delicate balance must be reached
between blocking excitotoxicity while maintaining normal neurotransmitter receptor–
ligand interaction. Ultimately, this balance may be achieved by specifically targeting
glutamate receptor subunits at the molecular level as opposed to a ‘‘shotgun’’ approach
with more generalized pharmacological antagonists. Therefore, delivery of agents that
target gene expression (e.g., viral constructs) or mRNA translation (e.g., antisense
oligonucleotides) may prove to offer more selective neuroprotection while preserving
overall neurotransmitter function. This approach assumes, however, a more complete
characterization of the populations of retinal neurons that display particular vulnerabil-
ities to excitotoxic damage.

INTRACELLULAR EFFECTORS OF CELL DEATH

Glutamate receptor overactivation that results from ischemic injury, and perhaps from
chronic neurodegenerative disease as well, is enhanced during reperfusion. Further-
more, there may be activation of effector pathways that result in the stimulation of
the apoptotic cascade (23,24,30). In particular, ionotrophic receptor overstimulation
appears to activate pathways that lead to cell death modulated at the level of the mito-
chondria. The process of programmed cell death, or apoptosis, is in part regulated by a
family of molecules related to the B cell leukemia-2 (bcl-2) gene product (Bcl-2) (21).
This proposed regulatory scheme is summarized in Figure 1. These molecules share lim-
ited sequences within three Bcl-2 homology domains (BH1, BH2, and BH3). Regulators
of cell death that enhance survival are Bcl-2, Bcl-X, and its splice variant Bcl-XL. Those
that induce apoptosis include Bax, Bak, and Bad (25–29).Molecules that interact at the
level of the inner mitochondrial membrane include the cell death promoter, Bax, and
the cell survival promoter, Bcl-2 (and closely related family members). In general,
homodimerization of Bax at the inner mitochondrial membrane creates ion channels
that allow the influx of ions into the mitochondrial matrix, swelling of the mitochon-
dria, and the subsequent release of cytochrome c into the cytoplasm. This further
activates cascades of cysteine proteases (caspases) that causes DNA fragmentation
and disrupts cytoskeletal integrity—hallmarks of apoptosis (23,24).

Additionally, Bax can form heterodimers with Bcl-2 or Bcl-XL. This leads to
the subsequent inability of Bcl-2 or Bcl-XL to homodimerize, resulting in a suppres-
sion of their protective effects against cell death. Recently, further characterization
of the Bcl-2 family has revealed that unbound (unphosphorylated) cytoplasmic
Bad also selectively heterodimerizes with Bcl-2 or Bcl-XL, displacing Bax and
promoting cell death by creating a cytoplasmic pool of free Bax (25–29).
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On the other hand, Bcl-2 serves as a checkpoint for Bax activation by confer-
ring a protective effect through its heterodimerization with Bax, thus preventing
formation of ion channels in the mitochondrial membrane. Indeed, overexpression
of Bcl-2 results in abnormally high numbers of neurons surviving beyond the perina-
tal period, while Bcl-2-targeted deletion results in increased neuronal cell death
(described later).

Several members of the Bcl-2 family have been characterized in the mammalian
retina (32–42), and analyses of mice with targeted deletion or overexpression of
bcl-2-related genes are consistent with the model described previously. For instance,
bcl-2-deficient mice display a protracted loss of retinal ganglion cell axons well after
the period of developmental programmed cell death (35), whereas deletion of bax
results in a substantial increase in the number of ganglion cell axons in adult mice
(36,37). In contrast, bcl-2 overexpression increases the number of ganglion cells that
survive to adulthood and prevents ganglion cell death following optic nerve injury
(38–41). Furthermore, Isenmann et al. (33) reported that, following optic nerve
injury in the rat, there is an upregulation of Bax protein by retinal ganglion cells.
This increase preceded DNA fragmentation, supporting the notion that Bax is a reg-
ulator of retinal ganglion cell death. In this system, Bcl-2 expression by ganglion cells
appeared unchanged, further suggesting that the ratio of Bax to Bcl-2 favors cell
death in an optic nerve crush model.

Several lines of evidence suggest that an additional, finer level of control over
Bcl-2–Bax interaction may be achieved by the participation of related family mem-
bers such as Bad. In the retina, Bad is expressed predominantly by ganglion cells
(42). Normally, Bad is sequestered in the cytoplasm by the 14-3-3 class of proteins.
Extracellular growth or survival factors appear to affect survival, in part, through

Figure 1 Mechanisms of neuronal cell death. Homodimerization of a Bcl-2 family member,
Bax, in the mitochondrial membrane allows the influx of ions and the subsequent release
of cytochrome c from mitochondria. This activates cytoplasmic caspases, resulting in DNA
fragmentation and disruption of the cytoskeleton. The deleterious action of Bax can be inter-
rupted by the heterodimerization of Bax with Bcl-2 (or as shown here a related family member
Bcl-XL), resulting in cell survival. The availability of Bcl-2 is regulated, in part, by its hetero-
dimerization with Bad. This association promotes cell death by creating a free cytoplasmic
pool of Bax. See text for a complete description.
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activation of a pathway involving phosphoinositide 3 kinase (PI3-K) (43,44).
PI3-K, in turn, activates a serine–threonine protein kinase, Akt, that phosphorylates
Bad (45–47) and promotes its association with the 14-3-3 protein family (29). Thus
sequestered, Bad is unable to prevent the heterodimerization of Bcl-XL with Bax,
favoring cell survival.

In the adult rat brain, Bad is expressed exclusively by epithelial cells of the
choroid plexus (48), suggesting that Bad may play a critical role in regulating
the brain’s sensitivity to vascular-mediated environmental changes, including altera-
tions in the oxygen concentration of the blood. In the developing brain, however,
Bad is expressed in neurons throughout the hippocampus and cerebral cortex,
neuronal populations that are particularly sensitive to ischemic insult, even in the
adult. Likewise, in the developing retina, Bad is highly expressed in ganglion cells
and numerous neurons in the inner nuclear layer—cells that may be particularly
vulnerable in ischemic retinopathies.

Interestingly, the pro-apoptotic effects of Bad are blocked by the immunosup-
pressants cyclosporin (CsA) and FK506. In a model of transient ischemia/reperfusion
following middle cerebral artery occlusion, both compounds reduced cerebral infarct
volume to 30% of control (49). Blockade of calcineurin-mediated dephosphorylation
of Bad is a potential mechanism for this effect. Thus phosphorylated, Bad remains
sequestered in the cytoplasm and is unable to bind to Bcl-2 (or Bcl-XL), thereby allow-
ing Bcl-2 to exert its protective effect. Regulating expression of specific members of
the Bcl-2 family by targeted gene expression is another potential therapeutic tool. This
approach is covered in Chapter 11.

OXIDATIVE STRESS AND THE GENERATION OF FREE RADICALS

One downstream consequence of neuronal injury, either from an acute ischemic event,
as the result of a chronic neurodegenerative process (such as a long-term elevation of
intraocular pressure) (50), or even from the normal aging process, is the generation
of reactive oxygen species (ROS) and free oxygen radicals (i.e., oxygen-containing
species with an unpaired electron, including

�

O2
�, OH,

�

NO, and ONOO�).
Normally, natural antioxidant mechanisms prevent interaction of free radicals with
cellular constituents, such as fatty acid side chains of membrane lipids (that could
be subjected to lipid peroxidation). They also protect the cell from nucleic acid break-
down and damage to cellular proteins (51). These natural defenses include the anti-
oxidant enzyme superoxide dismutase (SOD), glutathione reductase and catalase,
and vitamins E and C. Indeed, treatments with various antioxidant compounds have
proved effective in maintaining retinal function following ischemia/reperfusion injury
(52–54). In fact, natural nutritional and antioxidant supplements have been suggested
to protect against photoreceptor loss in age-related macular degeneration and other
degenerative processes of aging (55–57).

Several murine models support a role for oxidative stress in neuronal degenera-
tion. For example, overexpression of SOD isoenzymes reduces both global and focal
ischemic injury in models of traumatic brain injury (58–60). Conversely, targeted
deletion of Cu, Zn-SOD and extracellular (EC)-SOD worsens the outcome of focal
ischemia (61,62). Recently, an especially intriguing protective effect has been
observed in a model of cerebral ischemia using middle cerebral artery occlusion
(63–65). Application of the EC-SOD mimic, AEOL10113 (a metalloporphyrin cata-
lytic antioxidant) [manganese(III)meso-tetrakis (N-ethylpyridinium-2-yl) porphyrin],
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even six hours postischemia resulted in marked reduction in cerebral infarct volume
versus control (63). Similar results have been observed in a model of transient retinal
ischemia/reperfusion (Rickman et al., unpublished results).

NEUROTROPHINS AND NEUROTROPHIN DEPRIVATION AS
A STIMULUS FOR RETINAL CELL DEATH

The continued availability of adequate trophic support appears to be crucial not only
for the development of nerve cells and their interconnecting circuitry, but also for
the maintenance of neurons and their synapses in the adult (31). There is consider-
able evidence that diffusible, target-derived trophic factors play important roles in
the development of specific retinal cell types. In particular, the neurotrophins [nerve
growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin
(NT)-3 and NT-4/5] have received considerable attention for their potential roles
in both developing and adult nervous systems (66,67).

The neurotrophins bind to both low-affinity receptors and to distinct high-
affinity receptors. The low-affinity receptor (p75) is a transmembrane glycoprotein
that binds all of the neurotrophins with similar kinetics (68–70). The high-affinity
receptors are isoforms of the protooncogene, Trk, a tyrosine kinase that shows some
degree of neurotrophin binding specificity (71). For instance, the TrkA isoform
preferentially recognizes NGF, while the TrkB isoform binds both BDNF and
NT-4. Thus, TrkC prefers NT-3. Generally, the patterns of neurotrophin expression
in neuronal targets coincide spatially and temporally with the expression of their
cognate high-affinity receptors in the responsive neurons (72–76).

NEUROTROPHINS SUPPORT THE DEVELOPMENT AND
MAINTENANCE OF RETINAL GANGLION CELLS

The initial stage in the development of functional retinal circuitry is the differentia-
tion of retinal ganglion cells. Arguably, the survival and differentiation of ganglion
cells is dependent upon adequate trophic support from central target sources (77).
This hypothesis is supported by the findings that (i) BDNF supports the survival
of dissociated ganglion cells from the perinatal retina (78–80), (ii) neurotrophins
and their receptors are expressed concordantly in the developing visual system
(67,72,76), (iii) following optic nerve transection, intraocular injection of BDNF
(81) or NGF (82) prolongs, though only modestly, the survival of a subpopulat-
ion of ganglion cells—even with long-term delivery by viral transfection (83), and
(iv) application of exogenous BDNF to the superior colliculus results in
reduced developmental ganglion cell death (84). Arguably, neurotrophins contribute
not only to the survival of retinal ganglion cells but also to their morphological
maturation (85,86). In the adult retina it is likely that maintenance of ganglion cell
morphological integrity is crucial for maintaining inner retinal circuitry and func-
tion. Indeed, retinal ganglion cells, themselves, express low levels of BDNF
(75,87), and this can be upregulated following injury to the optic nerve or following
administration of brimonidine, an agent commonly used to lower intraocular pres-
sure (88). However, compromising retrograde axoplasmic transport along the optic
nerve may lead to an interruption in sufficient trophic support to ganglion cells,
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resulting in remodeling of their dendritic arborizations and a subsequent breakdown
of inner retinal circuitry.

NEUROTROPHINS SUPPORT THE DEVELOPMENT OF
INNER RETINAL CIRCUITRY

Under scotopic conditions, mammalian visual processing is dominated by a circuit
classically thought to involve only rod photoreceptors, a unique class of rod bipolar
cells and ganglion cells. However, it is now clear from the observations of a number
of investigators (89–91) that a distinctive, inhibitory interneuron, the AII amacrine
cell, is interposed between the rod bipolar cell and ganglion cell. A role has been
established for BDNF in the phenotypic differentiation of AII amacrine cells and,
thus, the development of the neural pathway underlying scotopic visual processing
(67,92,93). Furthermore, the network of AII amacrine cells is modulated by dopami-
nergic innervation from a population of sparsely distributed, wide-field amacrine
cells (94–96). This cell, in the proximal inner nuclear layer (INL), is labeled with anti-
bodies to tyrosine hydroxylase (TH), the rate-limiting enzyme in dopamine biosynth-
esis. Dendrites of the dopaminergic amacrine cell contribute to a moderately dense
plexus in the inner plexiform layer (IPL) where they form ‘‘ring-like’’ structures sur-
rounding the somata and initial dendrites of the AII amacrine cells are sites of
synaptic contact (97). Generally, at scotopic light levels, the AIIs are interconnected
via gap junctions in sublamina a of the IPL, enhancing the overall sensitivity of the
rod signaling pathway. In response to increased light levels, dopamine is released,
uncoupling gap junctions and reducing the overall sensitivity of the rod pathway.
Development of the dopaminergic amacrine cell also has been shown to be dependent
on BDNF (98). In retinas from BDNF knockout mice there is a reduced number of
TH-containing somata, and the density of the dopaminergic plexus in the IPL is greatly
reduced, as compared to the wild type. Conversely, intraocular injection of BDNF in
the normal retina results in precocious sprouting of dopaminergic processes through-
out the IPL (87). These demonstrated roles for neurotrophins in the development
and maintenance of the inner retinal circuitry are consistent with the well-documented
role of neurotrophin-mediated survival following transient ischemia (99–102).

MODELS OF PHOTORECEPTOR DEGENERATION AND
STRATEGIES FOR THEIR TREATMENT

Numerous genetic models of photoreceptor degeneration have been characterized.
These include models where the primary defect is in the metabolic machinery of
the photoreceptor cell (e.g., rd mouse) (103), mutations in genes encoding photo-
pigments (e.g., Pro23His rat) (104), or in the adjacent retinal pigment epithelium
[e.g., Royal College of Surgeons (RCS) rat] (105). These models all share a general
feature: a relatively rapid loss of photoreceptors during the early postnatal period.
The rate of photoreceptor loss ranges from a few weeks (rd mouse) to several months
(rat models). Alternatively, the light damage model is of interest because it offers a
degree of experimental control (106,107). Briefly, constant exposure of albino rats
to ambient light for one week results in relatively rapid photoreceptor degeneration
and accompanying outer nuclear layer thinning over a period of weeks. The most
successful therapeutic approaches for all of these models have been based largely
on retarding photoreceptor demise by either (i) intraocular injection of growth
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factors or cytokines (102,106,108–110), or (ii) transplantation of fetal retinal cells or
RPE (111–118) cells. There is also evidence for upregulation of endogenous basis
fibroblast growth factor (bFGF) and ciliary neurotrophic factor (CNTF) mRNAs
following mechanical lesion to the retina and expansion of the subretinal space
(119). In the light damage model of photoreceptor degeneration, there is evidence of
invading, activated microglia that release BNDF, CNTF, and glial derived neuro-
trophic factor (GDNF) that enhance photoreceptor survival. This observation is intri-
guing since photoreceptors, themselves, do not express receptors for neurotrophic
factors, suggesting that their protective effects are mediated through interactions with
Müller cells (120). This hypothesis is further supported by Wahlin et al. (121), who
demonstrated that treatment with BDNF, CNTF, or FGF2 resulted in the upregula-
tion of downstream effectors only in cells of the inner retina, but not in photorecep-
tors. It should be noted, however, that there is a recent report demonstrating the
presence of BDNF and its receptor, TrkB, in green-red cones of the rat retina (122).

Recent gene therapy strategies have modified the growth factor approach by
targeting neurotrophin genes to retinal neurons or Müller glial cells in an attempt
to provide continuous trophic support (72,123). Unfortunately, the long-term result
of these efforts only slows the progression of photoreceptor degeneration and delays
the onset of blindness.

NEUROTROPHIN DELIVERY TO CNS TISSUE

Despite the promise of neurotrophin-based therapies, targeted delivery of proteins to
specific neurons is difficult to achieve. For example, most proteins do not efficiently
cross the blood–brain and blood–retinal barriers and are therefore not effectively
delivered to the brain or retinal tissue via systemic administration (124,125). Direct
intraocular injection is an alternative method to deliver proteins to the retina. Gener-
ally, following intraocular protein injection, molecules are rapidly cleared from the
eye. Elimination half-lives for proteins range from hours (126) to days depending
on several factors, including the molecular weight of the injected agent (127). Because
the half-life of most proteins in the vitreous is short, repeated injections may be neces-
sary to maintain survival and differentiation effects on retinal cells (70). However,
multiple intraocular injections increase the risk of cataract formation, retinal detach-
ment, and endophthalmitis (128). Alternatively, implantation of pumps into the vitr-
eous may extend the period over which neurotrophin is delivered. However, delivery is
nonlocalized and high doses (microgram levels) of neurotrophin may need to be deliv-
ered to achieve bioactive effects within the retinal tissue (128). Unfortunately, undesir-
able side effects have been observed in human patients who received daily microgram
levels of nerve growth factor (NGF) by chronic infusion to treat neurodegenerative
disease (129). Therefore, localized methods of delivery are preferred to safely supply
therapeutic levels of neurotrophin to targeted cell populations in the brain and retina.

Controlled delivery systems may offer safer, more localized, long-term delivery
of proteins via a single administration. In addition, they can protect unreleased
protein from degradation and they reduce the number of necessary surgical procedures
to a single intervention. Several methods of controlled neurotrophin delivery to the
brain have been developed. Controlled protein release from biodegradable spherical
microparticles that encapsulate protein is one such example (128,130–134). When
dispersed in an aqueous environment the microparticles, which are usually formed
from biodegradable polymers, begin to degrade. The rate of protein release is
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controlled by the rate of polymer degradation and the rate of diffusion through a
porous polymer microsphere network. The kinetics of protein release from polymeric
microspheres, particularly those composed of poly-(D,L-lactic-co-glycolide), have been
characterized (134). Release profiles usually reveal an initial burst of neurotrophin at
short times followed by a longer period of continuous release (Fig. 2).

When NGF is delivered to brain tissue from polymeric microspheres
compressed into a small pellet, NGF concentration is highest at the polymer device
surface; concentration drops 10-fold within 2mm of the implant. Ninety percent of
exogenously supplied NGF is localized to a region 1–2mm from the polymeric device
(135–138). As a result, in tissue located near the polymer matrix surface, cells sepa-
rated by tens of micrometers consistently experience different neurotrophin levels.
These concentration differences result in differences in spatial variations of NGFs
biological effects. The transport of NGF through the brain in the region near the
delivery device can be described by a mathematical model that encompasses diffusion
and first-order elimination. Mathematical models predict that NGF can be more
uniformly distributed throughout a tissue volume when it is delivered from multiple
dispersed sources. The injection of microspheres loaded with neurotrophin may offer
an alternative mode of treatment where the effective area of therapeutic NGF delivery
is dependent on the spacing between microspheres. Microspheres encapsulating other
neurotrophic factors, such as BDNF, CNTF, and GDNF, are under study and can
efficiently be delivered to either the vitreous or the subretinal space by intraocular
injection (Rickman, unpublished studies).

Figure 2 Release of BDNF from synthetic microspheres. Microspheres composed of poly-
(D,L-lactic-co-glycolide) were engineered to release BDNF over a sustained period. The release
of total protein was measured by protein assay and ELISA. There is an initial burst of release
over the first 48 hours, followed by sustained release of nanogram quantities for up to 28 days.
Abbreviations: BDNF, brain derived neurotrophic factor; ELISA, enzyme linked immuno-
sorbent assay.
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Hydrogels, insoluble yet water-swellable cross-linked polymer networks have
also received considerable interest as three-dimensional matrices supporting cell
growth and differentiation. In most cases, gelation can be induced directly, in the pres-
ence of cells, resulting in uniform cell density throughout the implant. The combined
high water content and elasticity of polymer hydrogels lead tomany tissue-like proper-
ties of these materials, making them ideal candidates for tissue engineering. For exam-
ple, hydrogels of poly[N-2-(hydroxypropyl)methacrylamide] (PHPMA) loaded with
BDNF producing fibroblasts inserted into cavities made in the optic tract resulted
in increased in-growth of axons into implants. Retinal axons exhibited a complex
branching pattern and they regrew the greatest distances within implants containing
BDNF after four to eight weeks (139). Similar effects have been observed for gels
implanted into lesioned cavities in the cerebral hemispheres and spinal cord (140).

A method to deliver CNTF from a genetically engineered encapsulated cell-
based delivery system has also been developed. This system is described in detail
in Chapter 8.

SUMMARY

Three of the leading causes of blindness in the world (glaucoma, diabetic retinopathy,
and age-related macular degeneration) are chronic, degenerative processes whose
precise etiologies may be unclear due to a multiplicity of factors. For instance,
although glaucoma may be associated with elevated intraocular pressure due to
impeded outflow of aqueous humor in the anterior chamber, the ultimate mortality
of retinal ganglion cells may be more directly attributed to a constellation of factors
in the posterior pole, including ischemia at the optic nerve head, excitotoxin exposure,
oxidative stress, and neurotrophin deprivation. It is likely that cascades of these
events confound the targeting and, perhaps more importantly, the timing of therapeu-
tic neuroprotective intervention. Another important consideration is the vulnerability
of a particular population of retinal neurons. Certainly, all retinal ganglion cells do
not undergo cell death at, or even near, the same time in glaucoma. On the contrary,
the demise is usually prolonged over manymonths to years. Thus, the optimal time for
neuroprotective intervention is problematic, and sustained, targeted delivery without
systemic side effects is preferable, albeit difficult to achieve. It is also important to con-
sider the presumed underlying condition (in this case, an often-associated elevated
intraocular pressure) and to eliminate or control the initiating insult. A similar argu-
ment can be made for other neurodegenerative diseases of the retina. If, for example,
the degeneration of photoreceptors is due to the dysfunction of the adjacent retinal
pigment epithelium (RPE; as in Best’s disease or Leber’s congenital amaurosis), neu-
roprotective strategies alone may prove futile and, ultimately, repair or replacement
strategies for RPE may be necessary. Likewise, retinal degenerations that result from
vascular insufficiency, abnormal vascular permeability, or neovascularization will
certainly require adjunctive therapies (surgical, pharmacological, or both) to, at best,
equilibrate the retinal blood supply.

In conclusion, the future of neuroprotectant drug delivery is exciting. Multiple
targets have been identified, and novel, sustained delivery systems are under develop-
ment. Difficulties remain, many at the cellular level, in better defining the selective
vulnerabilities and requirements of specific populations of neurons. Nevertheless, it
is likely that more selective neuroprotectants will someday be added to the therapeutic
arsenal.
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INTRODUCTION

In order for a drug product to be marketed in the United States, it must be approved
by the U.S. Food and Drug Administration (FDA). The authority for the FDA was
established by the Federal Food Drug and Cosmetic Act (FD&C Act). The Act
requires FDA to approve new drug products that are the subject of a New Drug
Application (NDA) containing adequate data and information on the drug’s safety
and substantial evidence of the product’s effectiveness.

FD&C Act leaves it to the interpretive and discretionary power of the FDA to
determine the legal requirement that a sponsor present substantial evidence of effec-
tiveness prior to a drug’s approval. Pharmaceutical companies should work closely
with the FDA to assure that the development program they are pursuing will meet
FDA’s expectations and criteria (1,2).

FDA has promulgated regulations based on the FD&C Act and its amend-
ments. These are found in Title 21 of the Code of Federal Regulations. The regula-
tions establish the basic requirements for receiving approval of an NDA. Greater
detail is provided in guidelines and guidance that represent the FDA’s current think-
ing on a given topic. Information specific to the development of an individual new
drug product can be obtained from meetings and correspondence with the FDA.

Most drug products are not developed for a single market such as the United
States, but with the intent of marketing the product worldwide. A difficulty for phar-
maceutical companies has been the differing requirements from Health Authorities
around the world. In an effort to harmonize worldwide requirements for the app-
roval of drug products, the International Conference on Harmonization (ICH)
was established.
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ICH is a project involving regulatory and industry representatives of the
major pharmaceutical marketplaces in the world; the European Union, Japan, and
the United States. The purpose of ICH is to make recommendations on ways to
achieve greater harmonization in the interpretation and application of technical guide-
lines and requirements for product registration in order to reduce or obviate the need
to duplicate the testing carried out during the research and development of new
medicines. The objective of such harmonization is a more economical use of human,
animal, and material resources, and the elimination of unnecessary delay in the global
development and availability of new medicines while maintaining safeguards on
quality, safety and efficacy, and regulatory obligations to protect public health (4).

The ICH has published a collection of guidelines attempting to standardize the
requirements for establishing the safety, efficacy, and quality of pharmaceutical prod-
ucts. These guidelines currently have been adopted not only by the ICH participat-
ing countries (the European Union, Japan, and the United States) but also by
countries that are monitoring the ICH process including Canada and Australia.

DRUG DEVELOPMENT IN THE UNITED STATES

As a result of increasing standardization of regulatory requirements for new drug
approval, global development is becoming more feasible. This chapter will review
drug development in the United States as an example of the regulatory requirements
for bringing a new drug to market.

Prior to initiation of human studies with an investigational drug in the United
States, an Investigational New Drug (IND) application must be in effect with the
FDA. An initial IND submission contains the study protocol, the investigator’s
brochure, the nonclinical (animal, cell culture, etc.) data that support the conduct
of the clinical study, and information on the manufacturing and control of the drug
substance and the drug product (3). The FDA has 30 days to review the information
and make a determination if the investigation can begin.

The study protocol defines the conduct of the study. It is the responsibility of
the investigator not to deviate from the protocol except in circumstances where the
study subject’s safety is at issue. The investigator’s brochure contains all of the infor-
mation on the IND that the investigator needs to safely conduct the study. This
document is much longer than the physician insert for a marketed product. It gives
a summary of all nonclinical and clinical studies of the drug along with information
on the chemistry and manufacturing of the drug.

After the initial IND submission, it is continually amended with additional
information throughout the development cycle of the product. Subsequent clinical
study protocols are submitted to the IND prior to initiation of the study. Newly gen-
erated nonclinical data supporting the proposed clinical studies are submitted to the
IND for FDA review. Changes in formulation or method of manufacture for the drug
substance or drug products are submitted to the IND. The IND is also continually
updated to inform the FDA of new safety information from the clinical studies. The
investigator’s brochure is updated frequently to include newly generated information.

An adverse event in a clinical study that is unexpected, unlabeled, and asso-
ciated with the investigational drug must be reported to the FDA within 15 days.
If the adverse event is life-threatening, the FDA must be notified within seven days.
On a yearly basis adverse event data on the most frequent and serious adverse events
are submitted to the IND along with updates on all investigations with the drug.
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Nonclinical Testing

Pharmacology Models

The first step in developing a drug is determining its pharmacologic action in in vitro
and in vivo models and in a nonclinical or animal model. Screening new compounds
in animals is one approach to new drug discovery. Compounds are screened using a
wide range of relatively simple and inexpensive procedures primarily in mice or rats.

Another approach is the use of a disease model in animals that resembles the
disease process in humans. Compounds are then screened using the model and can-
didates are selected based on their activity.

A more recent approach is the idea of high throughput screening. A receptor
model is developed and a wide range of compounds is screened. Compounds are
selected for further study based on their affinity for the receptor.

Although new drug candidates are selected based on their in vivo and in vitro
pharmacologic activity, the true potential of a compound is only evident once human
clinical trials are initiated. Compounds that respond well in an in vitro receptor phar-
macology model must be absorbed in vivo through an acceptable route of administra-
tion and achieve the necessary concentrations at their intended site of action. Because
of species to species variability, an agent that shows efficacy in a nonclinical model
may not be efficacious in humans.

Toxicology Requirements

The next step in drug development is the toxicological characterization of the com-
pound. Prior to human exposure to a new drug, it is imperative to characterize the
potential adverse effects and safety profile of the investigational new drug. This is
accomplished through nonclinical safety testing.

For drugs intended for local delivery, as in the eye, ICH requirements call for a
complete nonclinical assessment of the toxicologic, pharmacokinetic, and toxico-
kinetic profile of the drug systemically, but also after ocular delivery. Studies must
generally be performed in two species, one of which should be a nonrodent. These
requirements give added complexity to the ocular development of an active pharma-
ceutical ingredient.

Acute toxicity studies are single dose or exposure studies followed by an obser-
vation period for an appropriate period of time; typically 14 days. Single exposure
studies allow for the use of higher doses and give a good indication of the potential
adverse events that can arise in chronic studies.

Repeat dose nonclinical testing is also necessary and should at least cover the
period of time for the proposed clinical trial. For early Phase I safety testing, toxi-
cology studies can run as little as two weeks and typically for one month. Prior to
initiating Phase II studies, which can last for three months or longer for drugs
intended for chronic use, toxicology studies of at least three months are required.
Phase III studies for chronic drugs require chronic toxicology studies of six months
in a rodent and nine months in a nonrodent (5).

Effects of the compound on specific organ systems, i.e., cardiovascular, respira-
tory, and nervous, are evaluated. These are referred to as safety pharmacology
studies and are intended to investigate the potential undesirable pharmacodynamic
effects of a substance on physiological functions in relation to exposure. Parameters
that are evaluated include blood pressure, heart rate, electrocardiogram, motor
activity, behavioral changes, coordination, sensory/motor reflex responses, respira-
tory rate and depth (6,7).
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An understanding of the absorption, distribution, metabolism, and excretion of
the drug is established in nonclinical studies prior to administering the drug to humans.
Ocular drug delivery, whether topical, periocular, or intraocular inevitably results in
systemic absorption and with it the risk of systemic adverse events. For example, topi-
cal beta-blockers are potent enough to cause systemic side effects that can be significant
in vulnerable patients. Systemic pharmacokinetic and toxicokinetic studies must be
included in the drug development plan. The potential for a new chemical entity
with potential systemic activity to accumulate in the body should be known (9).

Toxicokinetic studies evaluate the pharmacokinetic profile of the drug during
the nonclinical toxicologic testing. It is important to relate the findings in nonclinical
studies not only to the dose administered, but also to the bioavailability of the drug
in the test animal. The human dose should be determined based on tissue exposure
levels, not only to the dose administered in nonclinical studies. Thus it is important
to consider differences in bioavailability and biodistribution when preparing to initi-
ate human trials. For example, if the drug is better absorbed in humans, equivalent
dosing on a milligram per kilogram (mg/kg) basis may result in higher blood levels
in human subjects with a corresponding greater potential for adverse events (8).

Genotoxicity tests are in vitro and in vivo tests designed to detect compounds
that induce genetic damage directly or indirectly by various mechanisms. Com-
pounds that are positive in tests that detect such kinds of damage have the potential
to be human carcinogens andmutagens. In vitro genotoxicity studies for the evaluation
of mutations and chromosomal damage are required prior to first human exposure of a
drug. This is accomplished through a test for gene mutation in bacteria, or Ames test,
and a cytogenetic evaluation of chromosomal damage with mammalian cells, typically
Chinese hamster ovary cells. An in vivo test for chromosomal damage using rodent
hematopoeitic cells is required prior to beginning Phase II clinical studies (10,11).

As a new drug moves through development, longer-term toxicology studies are
required. The carcinogenic potential of drugs intended for chronic use is typically
evaluated in parallel with Phase III clinical testing. Carcinogenicity studies are
designed to identify tumorigenic potential in animals and assess the relevant risk
in humans. These studies involve lifetime exposure of the test rodents to the test arti-
cle. Due to the low systemic exposure, drugs intended for ocular delivery may not
require carcinogenicity studies unless there is a cause for concern or unless there is
significant systemic exposure to the drug. However, some compounds are so potent
that even small levels in the blood may lead to systemic side effects (12).

Male subjects may be enrolled in Phase I and II studies based on the histologic
evaluation of the male reproductive organs in toxicology studies. The conduct of a
male fertility study is required prior to the initiation of Phase III studies.

The inclusion of women of childbearing potential in clinical trials creates great
concern for the unintentional exposure of an embryo or fetus to a new drug before
information is available on the potential risks. In the European Union and Japan,
reproductive toxicology studies are required prior to the enrollment of women in
any clinical trial. The United States allows the inclusion of women of childbearing
potential in clinical trials prior to the conduct of reproductive toxicology studies,
provided appropriate precautions are taken to warn and to minimize risk. The
United States requires completion of reproductive toxicology prior to inclusion of
women of childbearing potential in Phase III studies.

Three sets of reproductive toxicology studies are typically conducted in
drug development; assessment of fertility and embryonic development, pre- and
postnatal development, and embryo–fetal development. The study of fertility
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and embryonic development evaluates treatment of males and females from before
mating to mating and implantation. The study of pre- and postnatal development
assesses the effects of the drug on the pregnant/lactating female and on develop-
ment of the conceptus and the offspring from the female from implantation through
weaning. The embryo–fetal development study evaluates the pregnant female and the
development of the embryo and fetus. These studies give a complete picture of the effects
on ability to mate, effects on the fetus, and effects on the offspring after birth (13,14).

Formulation Development

Although early stage clinical trials are generally performed with very simple formula-
tions of a test drug, before the drug can be approved it must be formulated into a pro-
duct that a patient can use. The formulation of a new drug into an ophthalmic solution
is a complicated endeavor. While drug manufacturers want to produce products
that have a shelf life of at least two years, a drug in solution is in its most unstable
state. Therefore, many topical ophthalmic drug candidates fail because of their
instability in solution. Similarly, many drug candidates are rejected because of
poor bioavailability after topical application, often due to low aqueous solubility.
Topically applied low-solubility drug substances can be brought to market but they
must be formulated either as suspensions or emulsions.

Inactive ingredients are incorporated into the formulation, which prevent oxida-
tion or reduction of the drug substance in solution. Salts are added to make the solu-
tion isotonic and the pH is adjusted to most closely assimilate physiologic pH. These
concerns are particularly important in the development of ophthalmic solutions.

Ophthalmic solutions are manufactured to be sterile and preservatives are
incorporated to assure that the solution is not contaminated during its shelf life. It
is desirable to formulate using the lowest level of preservative that will assure the
product is able to prevent contamination. High levels of preservatives and surfac-
tants may cause patient discomfort such as burning and stinging sensation and
may even induce punctate keratitis. However, too low a level leaves the product vul-
nerable to microbial contamination, both during storage and during the consumer
use period of a multidose bottle.

Prior to moving into clinical development, the sponsor must be certain that the
drug product will meet its potency requirement throughout the duration of the study.
During development the formulation may change as more data on the stability of the
product is gathered to assure that the product that is brought to market has an accep-
table shelf life. Prior to submitting an NDA in the United States, a manufacturer will
generally have at least one year worth of stability data on the final formulation in the
intended market package to submit to the FDA. This is supplemented by further
stability data justifying the ultimate expiration date that is placed on every product (15).

Products can be manufactured as sterile by different methods known as aseptic
processing and terminal sterilization. Aseptic processing involves passing the ophth-
almic solution through a 0.2 mm filter in order to rid the solution of all bacteria. The
solution is then filled into sterile ophthalmic containers under sterile conditions. This
assures a sterile product.

Filling the product into its container and sterilizing it through autoclaving
is known as terminal sterilization; or sterilization of the final product. While this
may appear to be a better alternative because all organisms present in the final
product are destroyed, the difficulty with terminal sterilization is that many drug
substances cannot stand up to the heat required for terminal sterilization. Even when
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the product can withstand the autoclave environment, the materials that are used to
produce the bottles, such as low-density polyethylene, cannot withstand autoclaving.
Materials that can withstand autoclaving produce a bottle that is so rugged as to
require a greater force than many older patients can apply to deliver the product
through the tip. The pharmaceutical industry is in search of a material that is rugged
enough to withstand autoclaving while being soft enough that a consumer is able to
squeeze the final bottle and dispense one drop into their eye. Other forms of terminal
sterilization include e-beam and gamma radiation. Although these too impose their
own constraints on the drug and packaging system, over the last 20 years they have
become increasingly popular.

Clinical Development

The objective of a clinical research program is to demonstrate that a drug is safe and
effective in the treatment or prophylaxis of a disease. Clinical development is ideally
a logical, step-wise procedure in which information from small, early studies is used
to support and plan later, larger, more definitive studies. It is essential to identify
characteristics of the investigational product in the early stages of development
and to plan an appropriate development strategy based on this profile.

Clinical drug development is often described as consisting of four temporal
phases (Phases I–IV). Phase I studies, often conducted with a simple formulation
not intended for commercialization, evaluate the safety, clinical pharmacology,
and clinical pharmacokinetics of a new drug. Phase II studies introduce the drug into
the intended patient population and assess safety and efficacy in this population.
Phase III studies are the pivotal, confirmatory studies of the product’s safety and
efficacy and are conducted using the final dosage form intended for commercializa-
tion. Phase IV, or postmarketing studies, offer insight into the drug’s place in the
therapeutic regimen (16).

Phase I

Phase I studies involve some combination of the evaluation of initial safety and toler-
ability, pharmacokinetics, pharmacodynamics, and an early measurement of drug
activity. The initial clinical study is typically a single dose study conducted in normal
healthy volunteers. The initial dose in the study is estimated from the nonclinical
data and this dose is escalated until adverse events are seen. This study results in
the determination of the maximally tolerated dose of the drug. Analysis of pharma-
cokinetic parameters and relation of blood levels to adverse events gives great insight
for future studies.

Subsequent Phase I studies involve multiple doses for longer periods of time to
assess longer term tolerance and accumulation of the drug or its metabolites. The
data obtained from earlier studies are used to select the dose, dosing interval, and
dosing duration for the later studies.

Phase I studies typically involve dozens of subjects. These are small, well-
controlled studies with very close oversight by the investigator.

Phase II

After establishing the safety and kinetic properties of the investigational drug in
Phase I, development moves into the intended patient population. Phase II studies
are typically safety and efficacy studies conducted in the target patient population.
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Early Phase II studies may look at the potential safety and efficacy of the product in
its intended indication and the dose and dosing interval needed to have the desired
effect while minimizing adverse events.

The goal in Phase II is to establish the lowest effective dose of the drug in the
target indication. This is typically accomplished in a dose–response study, which
looks at various doses and dosing regimens of a drug in the target patient popula-
tion. These studies are designed to answer such questions as; is 5mg twice a day
as effective as 10mg once a day or 10mg twice a day? The desired outcome is to
move into Phase III development with one dose and dosing regimen of the drug.

Phase II studies can involve several hundred patients and last several months
or longer.

Phase III

Phase III studies are the pivotal safety and efficacy studies that confirm the therapeu-
tic benefit of the drug product. Studies in Phase III are designed to confirm the
evidence accumulated in Phase II that the drug is safe and effective for use in the
intended indication and recipient population.

Phase III studies can be tested against a placebo control with the intent of
showing superiority over placebo. Another type of study design is to show equi-
valence or noninferiority to an approved therapy. An equivalence trial is intended
to show that the response to two or more treatments differs by an amount which
is clinically unimportant. A noninferiority trial demonstrates that the response to
the investigational product is not clinically inferior to a comparative agent.

While there are exceptions, the U.S. FDA typically requires two adequate and
well-controlled Phase III studies whose results confirm each other in order to gain
approval for marketing. One important aspect of worldwide development of a
new drug is the FDA requirement for Phase III studies with a placebo arm for com-
parison while other Health Authorities, typically European, require Phase III studies
with the current therapy of choice as the control arm in the trial. This requires the
conduct of additional clinical testing to meet all requirements worldwide.

Phase III trials enroll hundreds to several thousands of patients. Depending on
the indication the studies can last from several months to as long as several years.

Good Clinical Practices

Good clinical practice (GCP) is an international ethical and scientific quality
standard for designing, conducting, recording, and reporting trials that involve the
participation of human subjects. Compliance with this standard provides public
assurance that the rights, safety, and well-being of trial subjects are protected, con-
sistent with the ethical principles that have their origin in the Declaration of
Helsinki. The rights, safety, and well-being of the trial subjects are the most impor-
tant considerations in clinical study conduct and should prevail over interests of
science and society.

A trial should be initiated and continued only if the anticipated benefits
justify the risks. This means that adequate nonclinical and clinical information on
an investigational product should be adequate to support the proposed clinical trial.
Each investigator involved in the study should be qualified by education, training,
and experience to perform his or her respective study related tasks and to provide
appropriate medical care to the subjects enrolled in the study.
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In addition to FDA review of a protocol as part of an IND, an Institutional
Review Board (IRB) is also required to review and approve a protocol prior to study
initiation. The IRB review is intended to safeguard the rights, safety, and well-being
of all trial subjects. An IRB is composed of members who collectively have the qua-
lifications and experience to review and evaluate the science, medical aspects, and
ethics of the proposed trial. Each clinical site must have approval from its own IRB.

Freely given informed consent should be obtained from every subject prior to
clinical trial participation. Informed consent of a subject includes informing the sub-
ject that the trial involves research, their participation is voluntary, and they may
refuse to participate or withdraw at any time without penalty or loss of benefits.
The subject is also informed of the purpose of the trial and the probability of being
assigned to each treatment in the trial, the trial procedures to be followed, and
the subject’s responsibilities in the trial. The subject is informed of any reasonably
foreseeable risks and potential benefits of the study and any alternative courses of
treatment other than participation in the study.

Regulatory Issues Specific to Intraocular Drug Delivery

Diseases of the posterior segment of the eye include a number of disorders with
severe visual disability and a lack of effective therapy. Age-related macular degenera-
tion, diabetic retinopathy, macular edema, and retinal degenerations like retinitis
pigmentosa are all examples of diseases with an unmet medical need. Although many
diseases of the anterior segment of the eye can be effectively treated with topical appli-
cation of medications, it is more difficult to deliver therapeutic levels of drugs to the
back of the eye with topical administration. Since many of the diseases affecting the
retina affect older patients, side effects may limit the systemic administration of drugs.
Most agree that local drug delivery to the back of the eye is desirable for the treatment
of retinal diseases; however, the development and regulatory approval of a medica-
tion in a sustained-release drug delivery system presents a number of challenges.

A number of the drug delivery systems deliver medications for a very long
period of time; sometimes over a number of years. Rather than launching into large,
expensive, and resource-consuming trials with implants that deliver the drug for
many years, it is often prudent to prove that the drug is effective over a shorter
period of time. Although an implant can be filled with drug and deliver the com-
pound for several years, it may make sense to start studies with implants that last
for less time. Similarly, this will also demonstrate that the drug is active when admi-
nistered to a specific location. For example, just because a drug works when deliv-
ered systemically does not mean that it will work equally as well if the drug is
delivered into the vitreous, even if similar intravitreal levels are achieved with both
systemic and intravitreal drug delivery. Some drugs may have a systemic effect
contributing to their efficacy. For other drugs, drug levels at the level of the retinal
pigment epithelium (RPE) may be more important than intravitreal drug levels.

Pharmacokinetic studies are important in the development of local ocular drug
delivery. Although a benefit of ocular drug delivery is the ability to achieve higher
intraocular drug concentrations by avoiding the blood-retinal and blood–aqueous
barriers. However, regardless of the route of administration, whether intraocular,
topical, periocular, or systemic, drug levels in ocular tissues will vary depending
on clearance from the aqueous and vitreous, tear turnover, absorption across such
barriers as the cornea, RPE, and whether the compound concentrates in tissues like
the lens, ciliary body, iris, and RPE. It is also important to determine which tissue
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level is most critical for the drugs activity. For some retinal diseases like proliferative
vitreoretinopathy, vitreous levels may be important. For other diseases like macular
degeneration, RPE or choroid levels may be most crucial.

It is critical to demonstrate consistent release rates. Regulatory agencies have sug-
gested that release rates should be within�10% of that specified. These release rates can
be checked in vitro; however, some in vivo data confirming the release rates are desir-
able, since the human vitreous has unique characteristics that can affect drug release
from many drug delivery devices. If one embarked on a clinical development plan,
demonstrated preclinical safety, and clinical safety and efficacy with an implant later
shown to release drug outside of the specifications, the initial studies could be invalid.

Before a drug delivery system is tested with an active drug, regulatory agencies
require evidence to support the safety of the implant alone. Studies showing compat-
ibility of the drug delivery system should be performed.

There have been examples of toxicity resulting from the sterilization of drug
delivery systems. Sterilization can lead to changes in the implant materials or the
release of residual products which can induce intraocular inflammation or other
adverse events. Any changes in the manufacturing or sterilization procedures of drug
delivery systems should be thoroughly tested before use in humans.

There has been debate on whether placebo implants should be mandated in
clinical trials. Sham procedures for coronary artery bypass surgery have been emp-
loyed in clinical trials as the appropriate control group. It is known that preparation
for surgery, pre- and postoperative evaluation, and the psychological effects of sur-
gery may introduce bias into a treatment group. Currently, the FDA has required
at least two doses of drugs in intravitreal implants for initial clinical trials. A placebo
implant has not been required. Sham procedures have been used in clinical trials using
ocular drug delivery. A study arm with a low dose of drug in the delivery device
may be accepted as an alternative control in some studies.

Drug–Device Combination Products

Combination products of a drug and a device offer special challenges to companies.
A product of this type is typically developed by a company that possesses an exper-
tise in either the development of drugs or devices, not both. Working in the new area,
i.e., drug development for a device company, offers significant challenges.

A combination product can be a device that contains a drug product or a drug
product that relies on a device for administration. The FDA will make a determina-
tion if the product will be regulated by the Center for Devices and Radiological
Health (CDRH) or the Center for Drug Evaluation and Research (CDER). The
FDA makes this determination based on the properties of the product (17–19). A
drug that is delivered to the retina via an implantable device would be regulated as
a drug since the intended outcome of therapy is dependent on the pharmacologic
action of the drug. The implant is used solely to deliver the drug to the back of the eye.

A syringe that contains heparin to prevent clotting would be regulated as a
device, since the activity of the product is dependent on the syringe. The drug,
heparin, is present in the device to improve its action.

Device Development Requirements

Medical devices in the United States are regulated by the CDRH within the FDA.
CDRH classifies medical devices into Classes I, II, and III based on the risk with
the use of the device. Regulatory control increases from Class I to Class III.
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Class I devices are subject to the least regulatory control. They present minimal
potential for harm to the user and are often simpler in design than Class II or Class III
devices.Most Class I devices are exempt from premarket notification and goodmanu-
facturing practice regulations. They are subject to general controls that include
manufacturing under a quality assurance program, suitability for their intended
use, adequately packaged and properly labeled, and have establishment registration
and device listing forms on file with the FDA. Examples of Class I devices include elas-
tic bandages, examination gloves, and hand-held surgical instruments.

Class II devices are those for which general controls alone are insufficient to
assure safety and effectiveness, and existing methods are available to provide such
assurances. In addition to complying with general controls, Class II devices are also
subject to special controls. Special controls may include special labeling requirements,
mandatory performance standards, and postmarketing surveillance. Examples of
Class II devices include powered wheelchairs, infusion pumps, and surgical drapes.

Class III is the most stringent regulatory category for devices. Class III devices
are those for which insufficient information exists to assure safety and effectiveness
solely through general or special controls. Class III devices are usually those that
support or sustain human life, are of substantial importance in preventing impair-
ment of human health, or which present a potential, unreasonable risk of illness
or injury. Examples of Class III devices are replacement heart valves, silicone-filled
breast implants, and implanted cerebella stimulators.

CDRH approves medical devices through the premarket notification and
premarket approval processes. Most marketed devices are approved by the FDA
via submission of a Premarket Notification or 510(k). A 510(k) notification is
required for Class I devices that are not exempt from notification, all Class II
devices, and certain Class III devices. A 510(k) is a premarketing submission demon-
strating that the device to be marketed is substantially equivalent to, or as safe and
effective as, a legally marketed device that is not subject to premarket approval. The
legally marketed, comparator device is termed the predicate device.

Applicants compare their 510(k) device to one or more similar devices cur-
rently on the market and make and support their substantial equivalency claims.
A device is shown to be substantially equivalent if it has the same intended use as
the predicate device, and, has the same technological characteristics as the predicate
device, or, has different technological characteristics that do not raise new questions
of safety and effectiveness. The FDA approves a 510(k) product by determining that
the applicant has demonstrated substantial equivalence to the predicate device.

The Premarket Approval (PMA) process is more involved and requires the sub-
mission of clinical data to support claims made for the device. The PMA is reviewed
and an actual approval of the device is granted by the FDA. PMA approval is
required in order to market most Class III devices.

The PMA is a scientific, regulatory documentation to the FDA to demonstrate
the safety and effectiveness of the Class III device. It contains the technical data
on the design and manufacture of the device, nonclinical testing of the device, and
clinical data showing the device is safe and effective for its intended use.

The clinical data submitted in a PMA is generated under an Investigational
Device Exemption (IDE). An IDE contains information on previous clinical studies
with the device, design, manufacture, and control of the device, the investigators
who will conduct the study. The FDA must approve the IDE prior to the start of
the clinical study and make a determination on the approvability of an IDE within
30 days of receipt (19–22).
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FDA Issues—CDER vs. CDRH

Regulatory oversight of products that combine a drug and a device require coordina-
tion within the FDA divisions responsible for each aspect of the product. This causes
increased difficulty for the sponsor company in determining who is primarily respon-
sible for the review of their application. The sponsor finds themselves in a position
of encouraging the two Centers’ reviewers within the FDA to communicate and
share information on their review and the status of their review. Reviews that involve
coordination between FDA Review Divisions and reviewers who do not usually
work together can add significant time to the FDA review and approval process.

The FDA has established a Request for Designation process that allows a Spon-
sor company to request the FDA to designate the lead Review Division for the pro-
duct early in the development process. Thereafter, communication with the FDA on
the product will go primarily to the lead Center; however, it is important to assure
that reviewers from both Centers are involved in the development process and all
concerns and comments are incorporated into the product development strategy.

Often a device company will work closely with CDRH staff to develop and
submit a combination device–drug product, only to find out during the application
review that upon consultation by the CDRH reviewer with CDER, new issues are
brought up that could have been incorporated into the clinical study design. This
points out the importance of early communication with all involved parties at
FDA during product development. Assuring that representatives from both Review
Divisions are present at FDA–sponsor meetings allows for identification and discus-
sion of issues early in the process.
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5
Antiangiogenic Agents:
Intravitreal Injection
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INTRODUCTION

Ocular neovascularization is one of the major causes of blindness in many common
ocular diseases. For example, age-related macular degeneration (AMD) is the lead-
ing cause of blindness in patients over the age of 65 years, with the neovascular
(exudative) form accounting for more than 80% of the cases with severe visual loss
(1,2). Similarly, diabetic retinopathy is the leading cause of visual loss in patients
under the age of 55 years, with visual loss occurring due to macular edema or ische-
mia, vitreous hemorrhage, and vitreoretinal traction from the new blood vessels (2).
Neovascularization of the iris and angle structures resulting in neovascular glaucoma
occurs in several ocular conditions including diabetic retinopathy, central and branch
retinal veinocclusions, andocular tumors.Ablind, painful eye secondary toneovascular
glaucoma is the singlemost common cause of enucleation inNorthAmerica (3). Visual
loss from retinopathy of prematurity in preterm infants occurs due to retinal neovas-
cularization and secondary vitreoretinal traction and retinal detachment. Visual
impairment from this disease is estimated to affect 3400 infants and to blind 650 infants
annually in the United States (4). Neovascularization (angiogenesis) is the hallmark
of all these visually debilitating diseases. Thus, it is no surprise that agents that
can block neovascularization are under active investigation.

Current, proven treatment regimens for ocular neovascularization include
ocular photodynamic therapy (PDT) and laser photocoagulation to either directly
treat the choroidal neovascular membrane (CNV) as in AMD, or ablate the ischemic
retina sparing the macula and nonischemic areas as in diabetic retinopathy, vein
occlusions, retinopathy of prematurity, and anterior segment neovascularization.
Laser treatment is inherently destructive and creates a permanent scotoma at the site
of retinal ablation. Since a large proportion of CNV lesions in AMD are subfoveal,
direct laser ablation would lead to a permanent and immediate loss of central vision.
Verteporfin (VisudyneTM, Novartis Ophthalmics AG) ocular PDT is a relatively new
treatment modality that has been used to selectively treat subfoveal CNVs sparing
the overlying retina and surrounding choriocapillaris. However, the recurrence rate
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is high and over 90% of patients require retreatment after three months, and not all
lesions benefit from treatment.

Antiangiogenic therapy relies on a different approach to treat neovascular
diseases. It directly targets the angiogenic cascade that is thought to be initiated by
several growth factors such as vascular endothelial growth factor (VEGF), platelet-
derived growth factor, transforming growth factor, and basic fibroblast growth factor
(bFGF). Angiogenesis is a balanced process between activators of neovascularization
and inhibitors. If one side of the scale gets tipped, abnormal angiogenesis can occur.
The advantage of antiangiogenic therapy is its potential to preserve the function of
retinal tissue while directly targeting the neovascular complexes. Moreover, since
many of these treatments work on different aspects of the angiogenesis cascade, the
possibility exists for synergy with combination treatment.

INTRAVITREAL INJECTION

There are numerous administration routes for antiangiogenic compounds including
systemic, topical, periorbital, and intraocular. Systemic administration of antiangio-
genic compounds rarely delivers useful levels of the drug to the eye. Moreover, the
risk of systemic angiogenesis blockade is problematic since numerous organ systems
rely on angiogenesis to repair tissue, especially the cardiovascular system. One can
easily understand the risk of blocking coronary remodeling in an elderly patient with
AMD. In addition, for systemic medications to reach satisfactory intraocular levels,
very high systemic levels are often required leading to unacceptable side effects. This
is especially true for cytotoxic agents used to treat ocular inflammatory disease where
the side effects of the medications often limit their usefulness. Topical application of
medication is sufficient for anterior segment disorders, but usually does not deliver
adequate retinal levels of medication due to several factors. These include the follow-
ing: drops are eliminated from the precorneal area within 90 seconds; the corneal
barrier allows only about 1% of nonhydrophilic drugs to be absorbed across the
cornea; drugs are eliminated by aqueous outflow; and the drug is metabolized when
it enters the eye. Periocular administration, in particular subtenon injections, is used
to circumvent some of these problems. Steroids are routinely administered by sub-
tenon injection for posterior segment diseases, but since the medication has to diffuse
across the sclera and choroid, intraocular levels of medication are variable, difficult
to quantify, and difficult to adjust. In addition, almost 90% of the medication is
systemically absorbed. Thus, intraocular delivery is the best way to circumvent the
blood–retinal barrier and to deliver adequate retinal drug levels. There are multiple
methods to perform intraocular drug delivery; however, in this chapter we will
concentrate on the use of intravitreal injections to deliver medications to the
posterior segment.

TECHNIQUE FOR INTRAVITREAL INJECTION

Intravitreal injections are simple to perform and can be done in an office setting.
A typical approach is as follows: topical anesthetic drops (e.g., 0.5% proparacaine
hydrochloride) are instilled onto the ocular surface. Topical lidocaine 4% or propara-
caine hydrochloride 0.5% is applied to the injection site using cotton tip pledgets.
The conjunctiva, lids, and lashes are disinfected with 5% to 10% povidone iodine
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with at least a five minute observation period to allow the antibacterial properties to
be fully effective. In patients with preexisting ocular disease such as blepharitis, one
can consider pretreatment with a topical antibiotic drop for a few days prior to the
injection (Note: this was required in the Genentech and Eyetech clinical trials—see
chapter 16). An eyelid speculum is then placed; additional anesthesia in the form of
2% to 4% subconjunctival lidocaine administration can be utilized, but is rarely
required. The intravitreal agent is then drawn into a 1 cc syringe with a 27-, 29-,
or 30-gauge needle after first cleansing the top of the container with an alcohol
swab. (Note: pegaptanib sodium is supplied in a unit dose syringe with a 27-gauge
needle.) Care is taken to ensure there are no air bubbles in the syringe by inverting
it prior to injection. A mark is placed 3–4mm (depending on phakic status) poster-
ior to the limbus, usually in the inferior or inferotemporal quadrant. The needle is
then introduced into the midvitreous cavity, aiming posteriorly and slightly infer-
iorly, but the needle is not introduced all the way to the hub. Using a single, con-
tinuous maneuver, the drug is injected slowly into the eye. The needle is removed
simultaneously with the application of a cotton tip pledget over the entry site.
The optic nerve head is then examined for arterial pulsation, and indirect ophthal-
moscopy is performed to ensure correct placement of the medication and to evaluate
the retina. In general, an anterior chamber paracentesis is rarely necessary unless the
intraocular pressure is markedly elevated or the volume injected is more than
0.1mL. Finally, a drop of topical antibiotic solution is administered. Some physi-
cians instruct the patient to take the topical antibiotic solution four times a day
for three to seven days following injection and to sleep on his or her back for the
next few days. Other clinicians do not give antibiotics on the days following the
injection. Follow-up is variably scheduled for one to seven days postinjection.

VEGF

VEGF is a heparin-binding, homodimeric, peptide mitogen with narrow target cell
specificity whose activity is limited to endothelial cells derived from small and large
blood vessels (5). There are five isoforms of VEGF that arise from alternate mRNA
splicing of a single gene; however, VEGF165 is the predominant isoform and most
abundant. VEGF was originally called vascular permeability factor and is a potent
cause of vascular leakage in the retina; this vasopermeability is hypothesized to
enhance angiogenesis by allowing translocation of plasma proteins. It is a critical
rate-limiting step in the development of ocular neovascularization. In addition, it
functions as a survival factor for newly formed blood vessels. VEGF is mainly
upregulated by hypoxia and other factors. It is present in surgically excised cho-
roidal neovascularization (6,7) and in the aqueous and vitreous humor in eyes with
proliferative retinal vascular disorders (8). Primate eyes injected with intravitreal
VEGF develop dilated, tortuous retinal vessels that leak fluorescein similar to that
seen in diabetic retinopathy. The severity of the retinopathy correlates with the num-
ber of VEGF injections (9). VEGF, therefore, represents an ideal target of antiangio-
genic therapy. Since VEGF inhibitors do not exist in nature, compounds must be
manufactured. Inhibition of VEGF can be achieved by blocking its receptors or the
molecule itself. In this chapter, we will discuss two intravitreal anti-VEGFmolecule pro-
ducts: ranibizumab (LucentisTM, Genentech) and pegaptanib sodium (MacugenTM,
Eyetech Pharmaceuticals), as well as anecortave acetate (RETAANETM, Alcon
Pharmaceuticals), delivered via the posterior juxtascleral route.
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Ranibizumab (Lucentis, Genentech)

Ranibizumab is a humanized, antigen-binding fragment (Fab) of a second-generation,
recombinant mouse monoclonal antibody directed toward VEGF. It consists of
two parts: a nonbinding human sequence (humanized), making it less antigenic
in humans, and a high-affinity binding epitope (Fab fragment) derived from the
mouse, which serves to bind the antigen (10). Ranibizumab, with a molecular
weight of 48 kDa, is a much smaller molecule than the full-length RhuMab VEGF
(AvastinTM, bevacizumab, Genentech). RhuMab VEGF, with a molecular weight of
148 kDa, is FDA approved for the treatment of colorectal cancer, and is in early
clinical testing for the treatment of CNV via the intravitreal route. This size difference
is very important since unlike RhuMAb VEGF, which does not penetrate through the
retina, ranibizumab has been shown to completely penetrate the retina and enter the
subretinal space after intravitreal injection (10,11). The ability of ranibizumab to
penetrate the retina is likely related to the internal limiting lamina pores that only
allow molecules smaller than roughly 50 kDa to pass through the retina (12). Ranibi-
zumab has high specificity and affinity for all the soluble human isoforms of VEGF.
Moreover, it has a higher affinity for binding VEGF than RhuMab VEGF. It is pro-
duced via a plasmid, containing the appropriate gene sequence, inserted into an
Escherichia coli expression vector that undergoes large-scale fermentation. This is
drained, the supernatant collected and purified to produce the active drug.

Preclinical Studies

Safety. Animal studies have shown that ranibizumab is a safe agent for intra-
vitreal injection. In cynomolgus monkeys, intravitreal injections of 500 mg of ranibi-
zumab at two-week intervals in a laser-induced CNV model (13) or in normal
monkey eyes did not show any significant adverse effects (14). However, mild side
effects of the injections were seen. All eyes treated with ranibizumab developed acute
anterior chamber inflammation within 24 hours of the first intravitreal injection (13).
In contrast, eyes injected with vehicle alone showed minimal or no inflammation.
The inflammation resolved within one week, and the inflammatory response was less
pronounced after subsequent intravitreal ranibizumab injections. Also, animal stu-
dies have shown that ranibizumab has no effect on electroretinography, including
visually evoked potentials.

Efficacy. In preclinical animal studies intravitreal ranibizumab injections can
prevent CNV and possibly have a beneficial effect on the treatment of established
CNV in monkey eyes (13). Ryan produced, with argon green laser photocoagulation,
a primate model of CNV (15). Krzystolik et al. injected 500 mg of ranibizumab intra-
vitreally into one eye while the other eye received intravitreal ranibizumab vehicle on
days 0 and 14, and then produced CNV in both eyes, as described by Ryan, on day
21. On day 28, each eye received another injection of the same substance. Analysis of
the CNV lesions at days 35 and 42 showed a reduction in CNV leakage defined as the
likelihood of reaching grade 4 fluorescein leakage (‘‘clinically significant’’ hyperfluores-
cence in the early or midtransit stages with late leakage) in the ranibizumab-treated
eyes compared to the vehicle-treated eyes ( p< 0.001). On days 42 and 56, the vehi-
cle-treated eyes received a crossover injection of intravitreal ranibizumab to assess
its effect on mature CNV membranes. The number of lesions with grade 4 fluor-
escein leakage decreased in this group over time ( p¼ 0.01) after day 42, indicating
a significant beneficial effect on reducing leakage from mature CNV. However, it
was pointed out that spontaneous regression may have played a role at the later
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time points since previous studies have shown decreased angiographic leakage of
untreated CNV lesions as early as two to three weeks after laser induction, with
a mean of thirteen weeks (13,15).

Pharmacodynamics. Since ranibizumab is delivered via an intravitreal injec-
tion, studies were undertaken to determine if the drug could cross the neural retina
and access the subretinal space where the CNV lesions are located. A study in rhesus
monkeys demonstrated that 25 mg in 50 mL of Fab antibody fragment diffused
through the neural retina to the retinal pigment epithelial layer after one hour and
persisted in this location for up to seven days (10). The half-life in the vitreous
was 3.2 days. These data are consistent with the results of a pharmacokinetic study
done by a noninvasive fluorophotometric method that showed that fluorescein-
labeled ranibizumab disappeared from the vitreous with a mean terminal half-life
of 2.9 days and a mean residence time of 4.2 days (11).

Since VEGF plays an important role in other parts of the body, especially
the cardiovascular system, systemic exposure was evaluated in preclinical studies.
In monkey experiments, systemic exposure to ranibizumab was low, with plasma
concentrations of the Fab antibody remaining below the limit of quantitation
(<7.8 ng/mL) (10). Levels of plasma ranibizumab are highest on day one after injec-
tion and decrease rapidly by day seven (13). The ranibizumab antigen assay showed
that the average detectable drug level in the vitreous was 32 ng/mL after the first
injection and increased with subsequent injections (13). Thus, intravitreal injection
of ranibizumab does not appear to lead to significant systemic levels.

Pegaptanib Sodium (Macugen, Eyetech Pharmaceuticals)

The anti-VEGF pegylated aptamer pegaptanib sodium (Macugen1, formerly
NX1838; Eyetech Pharmaceuticals) is a polyethylene glycol conjugated oligonucleo-
tide with high specificity and affinity for the major soluble human VEGF isoform,
VEGF165. Pegylation decreases the clearance of the drug from the vitreous following
intravitreal injection. Aptamers are chemically synthesized short strands of RNA or
DNA (oligonucleotides) designed to bind to specific molecular targets based on their
three-dimensional structure, and are made using SELEX technology (systematic
evolution of ligands by exponential enrichment). Pegaptanib sodium is an aptamer
composed of 28 nucleotide bases that avidly binds and inactivates VEGF165. It is
�50 kDa in size and thus is small enough to diffuse across the internal limiting
membrane and retina into the subretinal space (12).

Preclinical Studies

Safety. A three-month, multiple-dose pharmacokinetic and toxicology
study was conducted in 24 rhesus monkeys (16). Pegaptanib sodium was admini-
strated to both eyes as intravitreal injections every two weeks for three months for
a total of six injections. A control group (Group 1) received phosphate-buffered
saline vehicle alone. Group 2 received four doses of 0.10mg per eye followed
by two doses of 1.0mg per eye. Groups 3 and 4 received 0.25 and 0.50mg per
eye, respectively. No animal in any dose group died or became moribund. No
pegaptanib sodium–related effects were observed in any of the monkeys as mea-
sured by the following parameters: clinical signs, food consumption, body weight
gain, hematology, clinical chemistry, urinalysis, direct ophthalmologic examina-
tion, fundus and slit lamp examination, intraocular pressure, electroretinograms,

Antiangiogenic Agents 75



electrocardiograms, blood pressure, gross necropsy, and microscopic examination
of tissues and organs. Thus, intravitreal administration of pegaptanib sodium was
not associated with any significant systemic effects. Pegaptanib sodium did not
activate complement, nor did it elicit the production of immunoglobulin-G
(IgG)-directed antibodies. Pharmacokinetic data from this study are presented
later. No safety issues from preclinical studies were identified that would preclude
the intravitreal administration of pegaptanib sodium in clinical trials or warrant
special precautions in the conduct of these trails.

Efficacy. Several preclinical animal models were used to examine the efficacy
of pegaptanib sodium (17) on ocular neovascularization. The cutaneous vascular
permeability assay (Miles assay) showed that VEGF-induced leakage of the Evans
Blue indicator dye from the intradermal vasculature of guinea pigs was almost com-
pletely inhibited by the coadministration of pegaptanib sodium at concentrations as
low as 100 nm (17). The corneal angiogenesis assay demonstrated that systemic treat-
ment with pegaptanib sodium results in 65% inhibition of VEGF-dependent angio-
genesis in rat corneas when compared with phosphate-buffered saline solution (17).
In a prematurity model of mice retinopathy, there was an 80% reduction in retinal
neovasculature compared with the untreated control at both the 10 and 3mg/kg
doses (17). Finally, treatment of mice with 10mg/kg of pegaptanib sodium once
daily inhibited A673 rhabdomyosarcoma tumor growth by 74% at day 16 of treat-
ment compared with the control (17).

Pharmacodynamics. The pharmacokinetics of intravitreal pegaptanib sodium
has been evaluated in several preclinical models. Examination of the plasma and vit-
reous humor concentration data following intravitreal administration of pegaptanib
sodium in rhesus monkeys (16) and rabbits (17) indicates that the systemic and local
pharmacokinetics of pegaptanib sodium are linear and are predictable based on
dose, over the dose ranges tested. The study design for the rhesus monkeys was
described earlier. Eighteen New Zealand rabbits were administered a bilateral intra-
vitreal injection of 0.5mg pegaptanib sodium per eye in a volume of 40 mL per eye
(17). Vitreous humor and ethylenediaminetetraacetic acid plasma samples in mon-
keys and rabbits were collected over a 28-day period (one sample per eye at one time
point) and stored frozen until assayed.

Pegaptanib sodium was eliminated from the eye through systemic circulation
with a terminal half-life from the vitreous of three to five days in both monkeys
and rabbits. The plasma terminal half-life mimicked the vitreous humor half-life,
indicative of ‘‘flip-flop’’ kinetics whereby the rate-limiting step that determines the
systemic pegaptanib sodium concentration is the exit of the drug from the eye. From
these observations one can estimate the vitreous humor terminal half-life in patients
that would approximate the plasma terminal half-life.

A key finding of the study in rhesus monkeys was that after residing in the
vitreous humor for 28 days, pegaptanib sodium was fully capable of binding to
VEGF165. In the rabbit, initial vitreous concentrations were 350 mg/mL and these
concentrations decreased to 1.7 mg/mL by day 28 after intravitreal injection of
0.5mg per eye. Substantial concentrations of the drug in the rabbit and rhesus mon-
key, well above the KD for VEGF (200 pM), were present in the vitreous 28 days
after a single intravitreal injection. These data suggest that a dosing frequency of
every six weeks is an appropriate regimen. The pharmacokinetic results in both rhe-
sus monkeys and rabbits were consistent with a highly stable aptamer that undergoes
a slow release from the vitreous into the systemic circulation. Once in the systemic
circulation, pegaptanib sodium is cleared by a first-order elimination process that
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occurs at a faster rate than the exit out of the eye. These pharmacokinetic properties
ensure that the vitreous humor concentrations exceed by several hundred to
thousand times the concentrations that are seen in the plasma throughout the
dosing interval.

Intravitreal Triamcinolone Acetonide

Corticosteroids have antiangiogenic, antifibrotic, and antipermeability properties.
The principle effects of steroids are stabilization of the blood–retinal barrier,
resorption of exudation, and downregulation of inflammatory stimuli. Antiangio-
genesis is a secondary effect felt to be mediated primarily by upregulation of extra-
cellular matrix protein plasminogen activator inhibitor-1 (PAI-1) in vascular
endothelial cells (18). This inhibits activation of plasmin and alters extracellular
matrix degradation.

Experimentally, corticosteroids have been shown to reduce inflammatory
mediators including interleukin 5, interleukin 6, interleukin 8, prostaglandins,
interferon-gamma, and tumor necrosis factor (19–21), decrease levels of VEGF
(22,23), and improve blood–retinal barrier function (see Chapter 2) (24). Wilson
reported that in rabbit eyes, intravitreal triamcinolone successfully reduced blood–
retinal barrier breakdown (as quantified by both gadolinium-enhanced magnetic reso-
nance imaging and fluorescein angiography) induced by photocoagulation, whereas
posterior subtenon triamcinolone did not (24). Several known corticosteroid mechan-
isms of action of could explain blood–retinal barrier stabilization; corticosteroids may
stabilize cell and lysosomal membranes (25), reduce the release (25) or synthesis (26)
of prostaglandins, inhibit cellular proliferation (27), block macrophage recruitment in
response to macrophage inhibitory factor, inhibit phagocytosis by mature macro-
phages, and decrease polymorphonuclear infiltration into injured tissues (28). How-
ever, the doses of intravitreal steroid used clinically may be much greater than
those necessary to activate corticosteroid receptors, and the mechanism of action of
intravitreal steroids may not be due to the pharmacological actions described pre-
viously. Data from the National Acute Spinal Cord Injury Study (29) indicate that
high-dose intravenous methylprednisolone is beneficial in reducing the morbidity of
acute spinal cord trauma. The proposed mechanism for this effect is reduction of
tissue edema, resulting in increased vascular perfusion. This is thought to be due to
inhibition of lipid peroxidation and hydrolysis that damages microvascular and neu-
ronal membranes after injury. In addition, membrane stabilization is postulated to
reduce tissue necrosis. Triamcinolone, in particular, has been shown to have an anti-
angiogenic effect. It inhibits bFGF-induced migration and tube formation in choroi-
dal microvascular endothelial cells and downregulates metalloproteinase-2 (30),
decreases permeability, downregulates intercellular adhesion molecule-1 (ICAM-1)
expression in vitro (31), and decreases MHC-II antigen expression (32).

The use of intravitreal corticosteroids was first popularized by Machemer
in 1979 (33) in an effort to halt cellular proliferation after retinal detachment sur-
gery, and Graham (34), McCuen (35), Tano (36), and others have studied its
use in both animal models and humans. In contrast to other corticosteroids with
short half-lives following intravitreal injection, triamcinolone acetonide is an effec-
tive and well-tolerated (35,37) agent for intravitreal injection in conditions such as
uveitis (38,39), macular edema secondary to ocular trauma or retinal vascular disease
(40), proliferative diabetic retinopathy (41), intraocular proliferation such as prolif-
erative vitreoretinopathy (42), and choroidal neovascularization from AMD (43,44).
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Jonas et al. (45) found no significant effect of intravitreal triamcinolone on blood
glucose in a series of diabetic patients treated with intravitreal triamcinolone after
pars plana vitrectomy for proliferative diabetic retinopathy.

Preclinical Corticosteroid Studies

Safety. A single pure intravitreal triamcinolone injection is well tolerated in
rabbit eyes (35). Electroretinographic data showed no significant differences between
treated and control eyes and both light and electron microscopy were normal in both
groups. Hida and associates (37) investigated the vehicles of six commercially avail-
able depot corticosteroids in rabbit eyes and found no effect on the retina and lens with
the vehicle in KenalogTM (commercially available triamcinolone acetonide) at levels
two times higher than in the marketed drug. However, preservatives present in the
vehicle for Kenalog including benzyl alcohol were shown, in the same report, to have
toxic effects on the retina in other steroid preparations. The use of a preservative-free
triamcinolone for macular edema has been reported (46). This formulation has a shelf-
life of 45 days and can be obtained from a compounding pharmacy. Other pharmaceu-
tical companies are evaluating a purified, preservative-free, single-use triamcinolone
acetonide formulation. They are being tested in the current National Eye Insti-
tute–sponsored clinical trials evaluating intraocular steroids for macular edema.

Efficacy. Corticosteroids have an inhibitory effect on the growth of fibro-
blasts (47,48). Triamcinolone acetonide inhibits experimental intraocular prolifera-
tion in rabbits (36). Intravitreal injection of 1mg of triamcinolone significantly
reduced both retinal neovascularization and retinal detachment in an experimentally
induced rabbit model (36). A 4-mg intravitreal triamcinolone injection inhibited
preretinal and optic nerve head neovascularization in a pig model of iatrogenic
branch vein occlusion; all untreated eyes developed neovascularization by six weeks
(49). Intravitreal triamcinolone is also a potent inhibitor of laser-induced CNV in a rat
model; however, this animal model may not be ideal since laser-induced CNV may be
caused by a traumatic repair process or inflammatory response and may be more sus-
ceptible to steroids than neovascularization in human disease states (50). In addition,
the intravitreal triamcinolone acetonide was administered at the time of laser
treatment; thus, the treatment may only inhibit new vessel formation and not existing
neovascularization.

Penfold and associates found that triamcinolone acetonide significantly
decreased MHC-II expression consistent with immunocytochemical observations
that revealed condensed microglial morphology (32). The modulation of subretinal
edema and microglial morphology correlated with in vitro observations suggesting
that downregulation of inflammatory markers and endothelial cell permeability are
significant features of the triamcinolone acetonide mode of action. In another study
(31), they investigated the capacity of triamcinolone to modulate the expression of
adhesion molecules and permeability using a human epithelial cell line (ECV304) as
a model of the outer blood–retinal barrier (BRB). They found that triamcinolone
modulated transepithelial resistance of TER and ICAM-1 expression in vitro, sug-
gesting that re-establishment of the BRB and downregulation of inflammatory
markers are the principal effects of intravitreal triamcinolone in vivo. The results
indicate that triamcinolone has the potential to influence cellular permeability,
including the barrier function of the retinal pigment epithelium.

Pharmacodynamics. After a single triamcinolone acetonide injection (0.5mg)
in rabbits, corticosteroid was undetectable ophthalmoscopically by 41 days in
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normal eyes, by 16.8 days in vitrectomized eyes, and by 6.5 days in eyes that had under-
gone combined vitrectomy and lensectomy (51). The colorimetric evaluation of the
ocular tissues for triamcinolone correlated well with the clinical disappearance of
the corticosteroid crystals. In another study (52), 0.4mg of triamcinolone acetonide
was injected into the vitreous of rabbit eyes, and the vitreous was harvested at
intervals ranging from one hour to 46 days and analyzed by high-performance
liquid chromatography. This study found a shorter half-life of 1.6 days, and triam-
cinolone was visible in the vitreous for 23.3 days.

Indirect ophthalmoscopy of intravitreal crystals and measurement of intra-
vitreal triamcinolone concentrations have been used to estimate the rate of triamci-
nolone elimination from rabbit vitreous humor (52). However, it is important to
know the pharmacokinetics of intravitreal triamcinolone acetonide in human eyes
with the number of diseases proposed for treatment with this medication. In patients
who have not clinically responded to intravitreal triamcinolone, or have relapsed, it
is not known whether response failure is due to insufficient drug levels, or whether
the patients are steroid nonresponders. Beer et al. (53) described the pharmaco-
dynamics of intravitreal triamcinolone in human eyes. An aqueous humor sample
was obtained by anterior chamber paracentesis from five eyes at days 1, 3, 10, 17,
and 31 following injection of intravitreal triamcinolone. Intraocular triamcinolone
concentrations were measured using high-performance liquid chromatography and
population pharmacokinetic parameters were calculated using an iterative, non-
linear, weighted, least-squares regression computer program. Pharmacodynamic
data followed a two-compartment model. Peak aqueous humor concentrations
ranged from 2151 to 7202 ng/mL, half-lives from 76 to 635 hours, and the integral
of the area under the concentration–time curve (AUC0–t) from 231 to 1911ng hr/mL.
Following a single intravitreal injection of triamcinolone, the mean elimination
half-life was 18.6 days in nonvitrectomized patients. The half-life in a patient
who had undergone a vitrectomy was shorter at 3.2 days. Following intravitreal
injection, measurable concentrations of triamcinolone would be expected to last
for �3 months (93� 28 days) in the absence of a vitrectomy (53).

Following a single intravitreal injection of triamcinolone acetonide, it has been
shown that one can deliver a concentration of thousands of nanograms of triam-
cinolone to the vitreous cavity (53). Drug concentrations rapidly decrease and are
followed by a subsequent prolonged elimination rate. It has long been recognized
clinically that a decisive initial amount of immunosuppression followed by a rela-
tively rapid but sustained taper is often the most effective strategy in treating uveitis.
The pharmacodynamics results in this study mimic typical dosing regimens for treat-
ing uveitis, and are therefore consistent with the clinical results of the effectiveness of
intravitreal triamcinolone administration for posterior segment inflammation.

Intravitreal triamcinolone acetonide use has increased recently following case
series of successful treatment of edema due to various etiologies as well as choroidal
neovascularization. It has been advocated for the treatment of macular edema
associated with diabetes (54), uveitis (38,39), and central retinal vein occlusion (55).
In addition, it has been proposed as adjunctive treatment for proliferative diabetic
retinopathy (41) and exudative AMD (43,44).

Anecortave Acetate (RETAANE, Alcon Pharmaceuticals)

Anecortave acetate (RETAANE1, Alcon Pharmaceuticals) is an angiostatic agent
given as a posterior juxtascleral depot. The drug is under clinical evaluation for the
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treatment of neovascular AMD, for the prevention of neovascular AMD in
patients with high-risk non-neovascular AMD, and neovascular AMD in the
fellow eye (see chap. 16).

Anecortave acetate is one of a new class of steroids that inhibits angiogenesis,
yet has little glucocorticoid (anti-inflammatory) or mineralocorticoid (salt retaining)
activity, and was introduced in 1985 (56). The formula of anecortave acetate is
4,9(11)-pregnadien-17,21-diol-3,20-dione-21-acetate. It is a synthetic analog of cor-
tisol acetate with specific and irreversible chemical modifications made to its origi-
nal structure. Removal of the 11-beta hydroxyl and the addition of a new double
bond at the C9–11 position resulted in a novel angiostatic cortisene that has not
exhibited typical glucocorticoid receptor-mediated bioactivity. These modifications
also resulted in an apparent elimination of anti-inflammatory activity typical of the
initial cortisol molecule.

Angiostatic steroids have since proven effective in inhibiting angiogenesis in a
variety of systems, including chick chorioallantoic membrane (57,58), rat mammary
carcinoma (59), rabbit cornea (60,61), rat cornea (62), and mouse intraocular
tumors (62–76). Anecortave acetate inhibits angiogenesis further downstream from
VEGF, and therefore has the potential to inhibit angiogenesis driven by multiple
stimuli (64). It has been demonstrated that angiostatic steroids exert their inhibitory
effect on endothelial cell growth in vitro by increasing the synthesis of plasminogen-
activator inhibitor-1 (PAI-1) (65). This induction of PAI-1 then inhibits u-PA activ-
ity, which is essential for the invasive aspect of angiogenesis—the breakdown of
vascular endothelial basement membrane and extracellular matrix. Therefore, the
result of steroid-induced suppression of PA function is that endothelial cells cannot
proliferate and migrate toward an angiogenic stimulus to participate in new blood
vessel formation. There is evidence that angiostatic steroids may operate by the
same mechanism in vivo (66).

Posterior Juxtascleral Administration Technique

Anecortave acetate is a white depot suspension preparation, available in a 15-mg dose
(0.5mL of 30mg/mL) and a 30-mg dose (0.5mL of 60mg/mL). It is administered by
the posterior juxtascleral route, using a specifically designed protocol and cannula.
After topical anesthetic drops, and applying a pledget soaked in 4% lidocaine to the
superotemporal quadrant, a small incision is made in that quadrant 8mm posterior
to the limbus. Using blunt Westcott scissors, a dissection through conjunctiva and
Tenon’s capsule is made so that bare sclera is visualized. Using a 56� posterior juxta-
scleral cannula, 0.5mL of anecortave acetate is injected. At the same time, a counter-
pressure device, consisting of a modified sponge on an applicator, is held on the
conjunctiva surrounding the cannula, as posterior as possible, to prevent reflux.
There have been several recent modifications to improve the posterior juxtascleral
administration of anecortave acetate. These include use of a 1-cm3 tuberculin
syringe, a radial incision, slower infusion time (around 10 seconds), and slower
cannula withdrawal (10 seconds). These measures have decreased the incidence
of reflux, improving the contact of the medication with the sclera.
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6
Intravitreal Antimicrobials

Travis A. Meredith
Department of Ophthalmology, University of North Carolina, Chapel Hill,
North Carolina, U.S.A.

INTRODUCTION

Intravitreal injection of antimicrobials has become the mainstay of treatment of
intraocular infections (1,2). Early in the development of antimicrobials, studies were
done on the intraocular use of penicillin and sulfa drugs by various authors (3–6).
For a number of years, intravitreal antibiotic injection was considered controversial,
but antimicrobials are now used not only for treatment but also for prophylaxis
against infection by placing them in the infusion fluid during vitrectomy (7), injecting
them into the vitreous cavity after vitrectomy, or by injecting them into the lens cap-
sule where they have access to the anterior vitreous after cataract surgery. The stu-
dies on intravitreal antimicrobial pharmacokinetics are fundamental in assessing
their utility for clinical therapy. Typical studies of antimicrobial clearance from
the eye after intravitreal injection (Table 1) are made after the single bolus of drug
is given, followed by sampling of the concentrations in a noninflamed phakic eye.
Intraocular surgery, inflammation, and multiple intravenous dosing regimens change
the pharmacokinetics of antimicrobials in the vitreous cavity significantly (8,10,17,
21,22). Results in noninflamed phakic eyes may therefore have little relevance in
many clinical situations.

BASIC PHARMACOKINETICS

Once injected into the eye, antibiotics diffuse through the vitreous cavity and are elimi-
nated by either a posterior or an anterior route (23–25). Several factors govern the intra-
vitreal concentration of an antibiotic at any given time. The initial concentration is a
result of the extended distribution and the initial dose. Subsequently, the volume of dis-
tribution, the dose of the initial injection, and the rate of elimination govern the concen-
tration of the drug at a given time (26). Two parameters characterize the elimination
phase of the drug: (i) the elimination half-life and (ii) the apparent volume of distribution.

The volume of distribution is a measure of the extent of physical distribution of
the drug, but corresponds to the physical volume only rarely. Volume of distribution
may be lower or many times higher than the actual physical volume, depending on
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many factors. The half-life (T1/2) is the period of time required for the drug
concentration to fall by one half. Elimination of a drug from any compartment is
usually a first-order process; by definition the rate of elimination is proportional
to the amount of drug present. The elimination of drug when plotted on a semilog
scale is usually a linear function.

The rate constantk is of first orderwith a dimensionof time (�1). The elimination
constant defines the fractional rate of drug removal and is equivalent to the rate of
elimination divided by the amount of drug in the compartment. Given this defini-
tion, the half-life is thus T1/2¼ 0.693 divided by k.

Clearance is the parameter that relates the drug concentration in a cavity to the
rate of its elimination. Clearance multiplied by concentration equals the rate of elim-
ination. Units of clearance are expressed in volume per unit of time. The half-life is
then expressed as T1/2¼ (0.693� volume of distribution)/clearance. The half-life
and elimination constant both reflect (not control) the volume of distribution and
the clearance of drugs.

INTRAVITREAL INJECTIONS

Once injected into the vitreous cavity, drugs diffuse rapidly through the vitreous,
although this may take several hours (24,25). There is little resistance to diffusion of
drugs within the vitreous cavity due to low average concentration of collagen in the
vitreous gel.Molecular action is thought to bemore important thanfluid flow.Maurice
has calculated that therapeutic concentration of drug at the retinal surface may be
achieved within about three hours of injecting 100 times the therapeutic concentration
into the central vitreous cavity (24,25). Furthermore, eye movements enhance drug mix-
ing in the vitreous cavity. When vitreous has been removed, the injected drug may settle
quicklyonto themostdependent areasof retinaand thereby increase thepotential toxicity
(27). Other models suggest that both vitreous diffusivity and retinal permeability are
important factors that can be quantitated (28,29).

After drug injection, larger molecules are thought to be removed by an anterior
route. Drugs flow through the vitreous cavity, around the lens, and enter into the
anterior chamber where they then exit through the trabecular meshwork into the
canal of Schlemm. The lens itself is thought to have negligible contribution to drug
elimination but may provide a physical barrier to movement of the drug anteriorly.
Maurice has calculated that if elimination is entirely through the anterior chamber,
the amount of drug lost in one hour of the vitreous body equals kv� cv� vv¼ fca
where kv is the fraction lost every hour, cv is the average concentration of the vit-
reous body, f is the volume of the aqueous flow in one hour, vv is the volume in
the vitreous body, and ca is the concentration of drug in the aqueous. Vancomycin,
sulfacetamide sodium, aminoglycosides, streptomycin sulfate, and newer betalactam
antimicrobials are thought to be eliminated anteriorly (9,23,25,30).

Posterior elimination is thought to be the predominant route for clindamycin,
dexamethasone, and first- and second-generation cephalosporins (23). There is a bar-
rier posteriorly that is normally impermeable to materials of high molecular weight,
although active transport out of the vitreous by the retina occurs for numerous sub-
stances. The barrier is thought to be shared between the retinal capillaries and the
retinal pigment epithelium. Both posterior and anterior routes of egress may come
into play for drugs such as ceftriaxone sodium. Because of the wide surface area
for absorption and the contribution of active transport, posteriorly excreted drugs
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often have shorter half-lives than do anteriorly excreted ones (23). In the case of
betalactam antibiotics, competitive inhibition and metabolic inhibition have been
demonstrated, suggesting properties of saturation kinetics. There may be a corre-
spondence between vitreous half-life of drugs and renal tubular excretion of drugs
in humans (24,30). The half-life of intravitreal carbenicillin is prolonged from 5 to
13 hours by probenicid administration in the rabbit and from 10 to 20 hours in the
monkey (8). Probenicid prolongs the half-life of cefazolin in the monkey from 7 to
30 hours (8).

Inflammation has been noted to change the half-lives of intravitreal drugs,
presumably through interference with active transport. The half-life of cefazolin in
phakic rabbit eyes was increased by inflammation from 6.5 to 10.4 hours (10). The
anterior removal route may become more important as the posterior route is blocked
by metabolic or competitive inhibition. In the monkey treated with probenicid the
half-life of cefazolin, normally excreted posteriorly, is essentially the same life as
the half-life of gentamicin, an anteriorly secreted drug (8). The effects of inflamma-
tion may be complex, however, since the permeability in posterior structures may be
increased, partially compensating for the effect of decrease in active transport.
Aphakic and aphakic-vitrectomized eyes when injected with cefazolin have no differ-
ence in half-life when comparing control to the inflamed eyes (10).

Surgical alteration of the eye also alters the half-life. The presence of the lens
appears to slow removal of drug from the eye leading Maurice to suggest that it is a
bottleneck in the elimination process (24,25). In studies of intravitreal amikacin,
removal of the lens in rabbits decreases the half-life from 25.5 to 14.3 hours and
decreases the half-life of intravitreal gentamicin from 32 to 12hours (17,18). Removal
of the lens and vitreous significantly shortens half-life for multiple antimicrobials.
Meredith and associates studied amikacin and demonstrated that the half-life was
reduced from 14.3 to 7.9 hours after removal of the lens and vitreous. Martin et al.
(22) found that the cefazolin half-life was reduced from 8.3 to 6.0hours when compar-
ing clearance of intravitreal cefazolin from phakic eyes versus aphakic-vitrectomized
eyes (22). The half-life of intravitreal amphotericin was reduced from 4.7 days in
aphakic eyes to 1.4 days in eyes in which the lens and vitreous were removed in a study
by Doft et al. (31).

The half-life of anteriorly excreted drugs is also decreased by inflammation,
although the mechanism is not clear. Studies of amikacin demonstrated that in
phakic eyes the half-life was diminished from 25.5 to 15.5 hours by inducing inflam-
mation, while the aphakic eye half-life was reduced from 14.3 to 7.4 hours (17).
Studies of gentamicin showed inflammation decreased the half-life from 32 to
19 hours (18). It is possible that inflammation increases posterior permeability and
thereby allows these drugs to be eliminated by both anterior and posterior routes,
accounting for the observed increase in the rate of elimination.

Simultaneous and continuing administration of intravenous or parenteral
antimicrobials after intravitreal injection can theoretically favorably influence the
amount of drug retained in the vitreous cavity. The intravitreal concentration of
drug results from the amount given by intravitreal injection plus the inflow of drug
through the aqueous or posterior structures, minus the amount lost from the eye
through egress across the trabecular meshwork, across retinal structures by passive
diffusion, or eliminated by active transport.

The entry of drug into the vitreous cavity is predominantly limited by permea-
bility issues. If a drug is maintained within the vascular compartment for a sufficient
period of time, it should reach distribution equilibrium with the concentration in
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the vitreous cavity equal to that in the plasma. Such equality is not always observed
because of such factors as active transport and pH gradients across cell membranes.

The vitreous cavity volume affects the half-life of injected intravitreal antibiotics.
Maurice has postulated that because of the increase in vitreous cavity volume in the
human as compared to the rabbit, the time of the diffusion to the retinal surface is
expected to be greater and the half-life of a drug in a human may be 1.7 times longer
than in the rabbit vitreous cavity (24,25). Most data for actual concentrations of anti-
microbial in the scientific literature do not correct for the difference in vitreous cavity
volume (Table 2). The vitreous volume in the human eye is roughly 4mL. Thus, on a
concentration basis, a given amount of drug injected in the human eye will achieve
an initial concentration of only �35% of the concentration in the rabbit eye.

THERAPEUTIC CONCENTRATION RANGE

The therapeutic window or therapeutic concentration range is a span of drug concen-
tration over which therapy is effective without undue toxicity (26). The therapeutic
concentration range formost drugs in plasma is narrow and the upper and lower limits
differ by only a factor of two or three. The upper limit of the concentration range may
be established by toxicity or in some cases by diminished effectiveness of the drug at
higher concentrations. Toxicity may be totally unrelated to the therapeutic effect or
may be an extension of the drug’s pharmacologic properties. When the therapeutic
range is narrow, it is more difficult to maintain values within the proper range. With
intravitreal injections not only is the concentration within the vitreous cavity an issue
but some studies have suggested that the concentration of the injected dose may be a
factor in causing toxicity. Initial concentrations much higher than might be seen in
other tissues may be achieved with an intravitreal dose. Initial injection of a milligram
of vancomycin, for example, produces an initial concentration of �250 mg/mL
whereas the minimum inhibitory concentration for most microorganisms being
targeted is between 1 and 5 mg/mL. Since drug concentration begins to diminish soon
after the injection has been performed, high initial doses are sometimes chosen in order
to prolong the therapeutic effect. It should be noted, however, that doubling the dose of
a drug will essentially only prolong its effect for one half-life.

TOXICITY

There is no standard definition of intravitreal injection toxicity. Histopathologic
criteria are most frequently used in animal models. Various authors evaluate changes

Table 2 Vitreous Volume and Aqueous Flow

Species Vitreous volume (mL) Aqueous flow (mL/min)

Rabbit 1.4–1.7 3.6
Cat 2.4 13.0
Dog 3.2
Monkey 3.0–4.0 3.0
Man 3.9–5.0 2.5–3.0

Source: From Ref. 32.
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in the retina or retina pigment epithelium usually after a single injection of intra-
vitreal antimicrobials. The rabbit has been chosen as the animal for toxicity studies
for reasons of convenience and expense. The rabbit retina is merangiotic with less
vasculature when compared to the holangiotic retina of higher-level primates. This
difference in structure caused vascular infarction as a toxic reaction to aminoglyco-
sides to go unrecognized until it occurred in humans. These changes are now thought
to be the most common type of aminoglycoside toxicity as well as potentially the
most damaging to vision.

Electroretinographic toxicity criteria have also been employed but concurrent
controls in which a placebo is injected in the fellow eye simultaneously are important
since surgical invasion of the eye alone can reduce the electroretinographic response
(33). The antimicrobial itself, the vehicle, or the preservatives may all be sources of
intraocular toxicity. Osmolality or pH have been suggested by Marmor as potential
causes for iatrogenic tissue damage to the retina (34). Injection of low volumes of
drug probably minimizes this risk.

Peyman et al. (35) hypothesized that the injection of antibiotic into an eye from
which vitreous has been removed might increase the risk of toxicity. Lim demon-
strated that the settling of aminoglycosides onto the retinal surface in vitrectomized
eye did in fact predispose the eyes to higher local doses on the retinal surface and
therefore to higher risk of toxicity (27).

Aminoglycosides have been the most widely studied class of antibiotics for
their intraocular toxic potential. In the rabbit, Zachary and Foster (36) demon-
strated dose-related damage to the outer retina with marked disruption of the outer
nuclear layer and impressive loss of outer segments with gentamicin doses exceeding
0.2mg (27). Retinal pigment epithelial mottling, pigment clumping, and individual
areas of depigmentation were noted ophthalmoscopically. At doses of 0.4–0.5mg,
the electroretinogram did not provide any results. Electron microscopy specimens,
after gentamicin intravitreal injections, were studied by Talamo et al. (37), who
noted lamellar lysosomal inclusions similar to drug-induced lipid storage problems.
They felt this suggested the retinal pigment epithelium (RPE) as a primary site for
toxicity of gentamicin.

Conway and Campochiaro (38) identified the syndrome of macular vessel
infarction in human eyes after gentamicin was injected intraocularly. A subsequent
study by retinal specialists identified multiple similar cases secondary to both ami-
kacin and gentamicin (39). In a monkey model, Conway injected 1000 mg of genta-
micin (40). This resulted in a clinical picture of macular infarction characterized
three days later by cotton-wool spots and intraretinal hemorrhages. There was strik-
ing inner retinal layer damage observed by electron microscopy with less severe
changes in the outer layers. Vascular changes could not be identified despite the
clinical picture of obstruction. They suggested that the neurotoxic changes lead to
shutdown of local blood flow, perhaps through granulocytic plugging.

Five aminoglycosides were studied by D’Amico et al. (41) after intravitreal
injection, characterizing them using the clinical picture, histopathology, and electron
microscopy. As noted by Talamo, they found the first abnormality produced was
lysosomal overloading the RPE with lamellar lipid material. Toxic reactions in the
outer retina were noted at doses of 1500 mg of amikacin and 400 mg of gentamicin.
Macrophages with storage lysosomes were noted in the subretinal space along with
disorganization of photoreceptor outer segments and focal necrosis of the retinal
pigment epithelium. Later in the course of study, focal disappearance of photo-
receptors and RPE with reactive gliosis was noted. Full-thickness retinal necrosis

90 Meredith



with corresponding destruction of the photoreceptor–RPE complex was noted by
doubling these doses. They found that the relative antibiotic toxicities in this model
were: gentamicin > netilmicin sulfate¼ tobramycin > amikacin¼kanamycin sulfate.

Little work has been done to evaluate toxicity of repeated intraocular anti-
biotic doses but there is a suggestion that the risk for complications may be
increased. Antibiotic toxicity is often related to peak dose and with multiple intrao-
cular injections these high–peak doses are repeated. In a study of 1mg of vancomy-
cin along with 400 mg of amikacin or 100 mg of gentamicin, Oum et al. (42) found no
toxicity after one injection (41). When two injections of each antibiotic were spaced
48 hours apart, three of the six amikacin-injected eyes and five of the six gentamicin-
injected eyes demonstrated changes at multiple levels. Abnormalities of the retinal
pigment epithelium, mild loss of photoreceptor interdigitation, and disorganization
of the outer segments of the photoreceptors were documented. When a third injection
was given 48 hours later, multiple white dots appeared ophthalmoscopically through-
out the retina in almost 50% of the eyes that were given gentamicin and in over 20%
of the eyes that received amikacin; these findings were not seen in the control eyes.
Initially, retinal pigment epithelial disturbance was noted followed by photoreceptor
outer segment disorganization. Focal disorganization of the retinal pigment epithelium
was accompanied by hyperpigmentation and hypopigmentation.

CHARACTERISTICS OF SELECTED ANTIMICROBIALS

Vancomycin

Vancomycin is derived from Streptomyces orientalis and is a bacteriocidal agent. As
it covers almost all the gram-positive organisms which are pathogens for exogenous
endophthalmitis, vancomycin is perhaps themost commonly administered intravitreal
antibiotic. Its coverage is limited to gram-positive organisms with no gram-negative
effect, and therapeutic ranges are thought to be 1–5 mg/mL. Vancomycin inhibits
synthesis and assembly of bacterial cell walls and also interferes with RNA synthesis.
Dosages of 1 or 2mg are used in the human eye without identifiable toxicity.

The half-life of vancomycin following intraocular injection is long, and ranges
from 25.5 to 56 hours (14,15). Removal of the lens dramatically decreases the half-
life to 9.8 hours (14). In inflamed eyes the half-life is slightly longer in the phakic eye
and is slightly shorter in a model of infection (14,15).

In two studies, samples were obtained from the vitreous cavity after intraocular
injection. Ferencz (43) identified a range of 25–182 mg 44–72 hours after injection.
Gan (44) identified average levels of 10.3 mg/mL three days after injection. Rough
estimates indicate this is consistent with the half-life of �24 hours as suggested by
data in the rabbit (44).

Betalactams

Betalactam antibiotics resemble penicillin with the exception of replacement of a
five-member thiazolidine ring. Various modifications of these antimicrobials have
been made to alter their penetration, pharmacokinetics, and range of efficacy.

The mechanisms of action of betalactams are complex. Betalactams are bacteri-
cidal and are known to inactivate specific targets on the inner aspects of bacterial cell
membranes, thus making them inactive. Betalactams are time-dependent antimicro-
bials that have been successively developed into four generations. The first-generation
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agents are active against gram-positive cocci but not methicillin-resistant streptococci
or penicillin-resistant S. pneumoniae. Second-generation agents are more potent
against Escherichia coli, Klebsiella, and certain proteus species. The third-generation
agents are the most potent against gram-negative organisms and are divided based
on their efficacy against pseudomonas. They do not have the same degree of activity
against gram-positive organisms as do first- and second-generation agents. Ceftaza-
dime is the most widely used drug in the treatment of endophthalmitis but is being
replaced by a fourth-generation agent, Cefapime. Ceftazadime has been shown to
be safe in doses up to 2.25mg after injection into the monkey vitreous cavity (45).
Its spectrum of coverage against gram-negative organisms is similar to that of the
aminoglycosides.

Clearance of first-generation cephalosporins after intravitreal injection sug-
gests a posterior clearance route (23). Newer agents may be removed by the anterior
route or by the combined posterior and anterior route (30). In phakic eyes, the half-
life of cefazolin in the monkey and the rabbit is 6.5–7 hours (22,45). The half-life is
decreased by inflammation, presumably by interference with active transport across
posterior structures. In studies of third-generation agents (ceftizoxime and ceftriax-
one), there was increased drug half-lives in infected rabbit eyes as compared to con-
trols (30). Ceftazadime has a half-life of 13.8–20 hours in the rabbit, but the half-life
is dramatically lowered by removal of the lens and vitreous (46).

Aminoglycosides

Aminoglycosides are semisynthetic analogs of Actinomycetes fungi products. They
were initially popular for intraocular injection to treat endophthalmitis but have
fallen into some disfavor because of intraocular vascular complications. Aminogly-
cosides are active against aerobic gram-negative bacilli and in higher concentrations
are bactericidal against gram-positive pathogens including staphylococcal species.
Aminoglycosides inhibit protein synthesis, although this action may not completely
explain their effects. The recommended doses for intravitreal injection are gentami-
cin 0.1mg and amikacin 0.2–0.4mg. Vascular occlusive changes in the macula have
been reported on occasion even at these dose ranges, however. A more complete view
of toxicity studies in animals was discussed earlier (47,48).

Amikacin is eliminated anteriorly and has a half-life similar to that of vanco-
mycin at 25.5 hours in the normal phakic eye (49). Inflammation decreases the
half-life and removal of the lens significantly reduces the half-life to 14.3 hours in
the rabbit although the effect is not quite as marked as the changes for vancomycin.
Amikacin is a concentration-dependent antibiotic with a postantibiotic effect; that is,
there is prolonged activity even after its concentrations have fallen below therapeutic
levels.

Fluoroquinolones

Fluoroquinolones are becoming increasingly popular in ophthalmology because of
their broad spectrum of coverage. DNA synthesis in susceptible bacterial cells is
inhibited while mammalian cells are spared. Ciprofloxacin was initially thought to
be effective against most strains of ocular pathogens including both gram-positive
and gram-negative bacteria. Risk-resistant strains to ciprofloxacin appeared and it
has more recently been replaced by second-generation agents such as ofloxacin
and levofloxacin. Ciprofloxacin has been of little use for intraocular injection. It
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has been shown to be toxic to the rabbit retina in doses of 250 mg in one study,
although another suggested that 500 mg was a safe dose (48,50,51). The half-life is
only 2.2 hours in the normal phakic eye and 1.0 hour in aphakic eyes, suggesting
rapid posterior elimination (52). Recent studies have suggested that injections of
500 mg of ofloxacin were tolerated in the rabbit (53).

Antifungals

Amphotericin B is the most frequently chosen antimicrobial for treatment of intra-
ocular fungal infections. The usual intraocular dose of amphotericin B is 0.005 mg.
There is a long half-life of 4.7 days in the phakic rabbit eye, but there is a significant
reduction to 1.4 days by removal of the vitreous and the lens (31). Gupta studied
injection of fluconazole in the rabbit demonstrating a very short half-life of only
3.08 hours (54). The half-life can be prolonged to 23.4 hours by entrapping the fluco-
nazole in liposomes. In a study of efficacy in a rabbit model of Candida endophthal-
mitis, 200-mg injections of plain fluconazole was associated with sterility of the
vitreous cavity in 75% of the treated animals at day 16 after treatment. Lysosomal
trapped fluconazole was not as efficacious in sterilizing the vitreous cavity (55).
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DESCRIPTION OF DRUG DELIVERY SYSTEM

INS37217 (denufosol tetrasodium) is an investigational new drug administered as
an intravitreous injection into the midvitreal cavity of the affected eye at a volume
of 0.05mL using standard intravitreous injection procedures. At the present stage of
clinical development, INS37217 is administered using a sterile, appropriately sized
tuberculin syringe attached to a sterile 30-gauge needle. INS37217 is formulated in
a physiological phosphate buffered saline (PBS) adjusted to a pH of ~7.3 and a
tonicity of ~290 mOsm. The final formulated drug product is a true aqueous solution
that is clear, colorless, and particulate free. An aqueous formulation of INS37217 in
a smaller prefilled syringe with affixed needle capable of holding and administering a
small dose volume is under consideration for later development.

SPECTRUM OF DISEASES

The ability to reattach the retina in the treatment of retinal detachment is contingent
on removing the pathological accumulation of subretinal fluid between the retina
and the underlying retinal pigment epithelium (RPE). Although most of the fluid
can be removed using surgical techniques, it is ultimately the contribution of the
RPE fluid ‘‘pump’’ machinery that enables complete subretinal fluid reabsorption
and full anatomical reattachment. A number of ion channels and transporters,
cell-surface receptors, extracellular signaling molecules, and intracellular signaling
pathways have been shown to influence ion and fluid transport across the RPE
(1). One such cell-surface receptor is the G protein-coupled P2Y2 receptor, which
is normally activated by extracellular adenosine 50-triphosphate (ATP) and uridine
50-triphosphate (UTP) and functionally expressed at the RPE apical membrane
(2). Previous in vitro work has demonstrated that activation of this receptor by
ATP, UTP, or a novel synthetic, hydrolysis-resistant agonist INS37217 (Fig. 1),
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stimulates ion transport and fluid absorption (i.e., apical-to-basolateral or subretinal-
to-choroidal direction) across RPE monolayers (2,3). Intravitreous injection of
INS37217 was also shown to stimulate subretinal fluid reabsorption in experimental
models of induced retinal detachment in vivo (3,4). Thus, INS37217may provide ther-
apeutic benefit in the treatment of retinal detachment by stimulating reabsorption of
subretinal fluid. This chapter reviews the background, clinical rationale, preclinical
findings, and drug delivery issues relating to the clinical development of INS37217,
administered as an intravitreous injection for the treatment of retinal detachment.

Retinal detachments are generally categorized as rhegmatogenous, traction, or
exudative, depending on the underlying primary mechanism that leads to subretinal
fluid accumulation (5). Rhegmatogenous retinal detachments (RRD) are most com-
mon and occur as a result of single or multiple retinal breaks that permit vitreal fluid
to enter into the subretinal space at a rate exceeding that of the fluid reabsorption
rate of the RPE. Tractional retinal detachments, such as those secondary to proli-
ferative diabetic retinopathy or retinopathy of prematurity, occur when vitreoretinal
contractile forces pull the retina away from the RPE without necessarily creating
a retinal tear. Exudative retinal detachments occur in the absence of evident retinal
breaks or tractional forces and are thought to result in part from an imbalance of
RPE transport that favors subretinal fluid accumulation. For example, a reversal
in the direction of the RPE fluid pump from absorption to secretion is thought to
lead to the progression of exudative retinal detachment (6,7).

Three surgical approaches are used to reattach the retina in the treatment
of RRD: scleral buckle, pneumatic retinopexy, and vitrectomy. When used singly
or in various combinations, these surgeries have been reported to be successful
in achieving anatomical reattachment rates of 60–95% following initial operation

Figure 1 Structure of INS37217 and INS542. INS37217 is a deoxcytidine–uridine dinucleo-
tide [P1-(Uridine 50)-P4-(20-deoxycytidine 50)tetraphosphate, tetrasodium salt] and INS542 is
a cytidine–uridine dinucleotide [P1-(Uridine 50)-P4-(cytidine 50)tetraphosphate, tetrasodium
salt]. The only difference between the two molecules is the absence of the OH-group in the
20 position of the cytidine ribose in INS37217. Both molecules have nearly identical activity
in a variety of pharmacological and metabolism assays.
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and >95% following repeat operations (8,9). Depending on specific causes of the
detachment and other factors (such as the ability of the patient to comply with
the demands of surgical follow-up), the time to achieve retinal reattachment usually
takes one or two days, but can on occasion take more than a week. When the retina
is sufficiently flattened against the RPE, the retinal breaks are closed and repaired
using cryotherapy or laser photocoagulation. Reattachment can be facilitated by
additional procedures such as mechanically draining the subretinal fluid or injecting
gas (such as sulfur hexafluoride, SF6) into the vitreous (10,11). For example, a
common adjunctive procedure used in scleral buckle surgery comprises posterior
insertion of a small needle through the sclera, choroid, and RPE directly into the
subretinal space to drain most of the extraneous fluid. In pneumatic retinopexy
and pneumatic buckle surgeries, expanding gas is injected into the vitreous and
the patient positions himself or herself postoperatively such that the surface tension
of the gas acts as a tamponade to block vitreal fluid entry through the retinal break,
and the gas buoyancy acts to flatten the retina against the RPE. Sometimes this effect
is enhanced by having the patient perform specific head movements to help facilitate
the gas bubble forcing fluid out from around the tear in a technique referred to as the
‘‘steam roller.’’ These mechanical procedures have proven very useful to aid in
the reattachment process but are associated with significant surgical risk, patient
morbidity, and protracted periods of convalescence. For example, serious complica-
tions such as subretinal hemorrhage and retinal perforation are associated with the
drainage procedure (9,12). Successful pneumatic retinopexy requires that the patient
is able to comply with a rigorous postoperative period of precise head positioning
that can last for a few days, and the gas bubble itself remains in the vitreous cavity
for a few weeks, during which period the patient’s mobility—such as air travel—is
limited (13). Thus, pharmacological stimulation of subretinal fluid reabsorption by
INS37217 may provide significant clinical benefits to patients by reducing the need
for these invasive procedures. If sufficiently robust, INS37217 may also provide
adequate reattachment in a subset of RRD patients such that the surgeon can repair
the break with cryotherapy or laser photocoagulation without the need for reattach-
ment surgery.

MECHANISM OF ACTION

Some of the known or expected mechanisms of action of INS37217 on RPE physio-
logy are summarized in Figure 2 (3). Previous in vitro work on freshly isolated RPE
monolayers has shown that binding of INS37217 (or UTP) to the P2Y2 receptor at
the apical membrane stimulates active ion transport, which provides the major
osmotic driving force for fluid absorption across the RPE (2,3). Chloride is the pre-
dominant ion-mediating active fluid transport across the RPE (1). Net apical-to-
basolateral transport of Cl� occurs as a result of polarized distribution of specific
ion channels and transporter proteins at both membranes. Chloride enters the apical
membrane via Naþ, Kþ, and Cl� cotransporter proteins and exits the basolateral
membrane via Cl� channel proteins. INS37217 and other P2Y2 receptor agonists
have been shown to stimulate an increase in cytosolic Ca2þ, which in turn increases
basolateral membrane Cl� conductance and decreases apical membrane Kþ conduc-
tance (2). This is expected to result in net absorption of Cl�, which along with a
counterion (most likely Naþ across the paracellular pathway) drives osmotically
coupled fluid transport in the apical-to-basolateral direction.
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ANIMAL MODELS OF DISEASE USED

The effects of INS37217 on subretinal fluid reabsorption were evaluated in mice,
rats, and rabbits by injecting saline solution into the subretinal space using a small
needle (32 gauge or less), which produces a non-RRD because the induced retino-
tomy appears to seal itself immediately (3). This model of induced retinal detachment
was chosen because RRDs occur too infrequently in animals to be useful for precli-
nical proof-of-concept studies.

Retinal detachments were induced in Long–Evans rats by inserting a guidance
needle behind the limbus and into the vitreous, and then inserting a smaller flat-tip
needle directly into the barrel of the guidance needle. The flat-tip needle was attached
to a Hamilton syringe containing modified PBS solution, of which ~3 mL was injected
directly into the subretinal space to create the detachment. (For more details on the
surgical procedure, see Ref. 3.) The modified PBS solution was formulated to con-
tain an empirically chosen balance of ions and pH that allowed the induced ‘‘subret-
inal blebs’’ to remain relatively constant in size, at least for an initial 24-hour period.
A masked investigator used indirect ophthalmoscopy techniques adapted for rat eyes
to evaluate the extent of the induced detachments, which initially comprised 20–30%
of the total retinal surface area. Following the creation of a retinal detachment,
a subsequent intravitreous injection (3 mL) of PBS, with or without INS37217, was
given to evaluate their effects of subretinal fluid reabsorption.

The effects of INS37217 on subretinal fluid reabsorption in rabbits were made
in a similar manner (4). As with the rat studies, a single non-RRD was produced in
New Zealand white rabbits by injecting modified PBS (~50 mL administration
volume) solution in the subretinal space, which resulted in a detachment that was less
than 10% of the retinal surface area of the rabbit eye. Immediately following the
creation of the subretinal bleb, an intravitreous injection (50 mL) of saline alone or

Figure 2 Adiagram summarizing the known and expected effects of INS37217 onRPE ion and
fluid transport. Binding of P2Y2 receptor (P2Y2-R) by INS37217 at the apical membrane acti-
vates heterotrimeric G proteins and generates intracellular inositol 1,4,5 trisphosphate (IP3),
which releases Ca2þ from intracellular endoplasmic reticulum (ER) stores. Elevation of cytosolic
Ca2þ in turn leads to an increase in basolateral membrane Cl� conductance, a decrease in apical
membrane Kþ conductance, and stimulation of net apical-to-basolateral fluid absorption.

100 Peterson



saline containing INS37217 was administered into the vitreous directly above the
detachment. Masked investigators viewed the fundus to quantify the extent of retinal
detachment and reattachment by using the nearby optic disk as a size marker.

Non-RRDs were induced in mouse eyes to evaluate the effects of subretinal
delivery INS37217 on recovery of electroretinography (ERG) function following
experimental retinal detachment and spontaneous reattachment. Subretinal injection
was conducted using an anterior approach through the cornea. In brief, a 28-gauge
beveled hypodermic needle was used to puncture the cornea, avoiding any contact
with the lens, and a subretinal injection was conducted using a 33-gauge blunt needle
and the transvitreal approach. One microliter of saline solution alone or saline solu-
tion containing INS37217 was then injected into the subretinal space. Extent of
induced retinal detachment was estimated by adding fluorescent microbeads into
the subretinally injected saline solution and monitoring the distribution of fluores-
cent signal histologically and in eyecup preparations.

RESULTS OF ANIMAL MODEL STUDIES

In the rat model of induced non-RRD, an intravitreous injection of PBS solution
containing INS37217 into the vitreous was shown to significantly enhance subretinal
fluid reabsorption when compared with vehicle (PBS) alone, and the effects of
INS37217 were apparent even at one hour following administration (3), as shown
in Figure 3. In contrast, intravitreous injection of PBS solution containing UTP

Figure 3 (A) Grading scale used to subjectively quantify the effects of INS37217 versus vehicle
on retinal detachment in a rat model of induced nonrhegmatogenous retinal detachment.
INS37217 (5mM) was administered as a 3-mL intravitreous injection. INS37217-containing
solution and vehicle solution were formulated to equal tonicity and pH in physiological saline.
Subjective evaluation of retinal detachment and reattachment was conducted under investigator-
masked conditions. (B) Mean placebo and INS37217 results from 12 experiments conducted
by the same investigator. The mean� SEM of the estimated rank for placebo and INS37217
experiments are plotted at 60 minutes and 24 hours. At both 60 minutes and 24 hours, the
mean of the placebo and INS37217 data are significantly different (P < 0.005; two-tailed
Mann–Whitney test).
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did not stimulate subretinal fluid reabsorption, perhaps owing to UTP’s metabolic
instability and its increased likelihood for degradation by the retina (discussed later).
These findings represent the first in a series of proof-of-concept findings for the use
of intravitreously administered INS37217 to reabsorb extraneous subretinal fluid.

Confirming the effects seen in rats, rabbit intravitreous delivery of INS37217
was shown to significantly enhance subretinal fluid reabsorption in a dose-dependent
manner when compared with vehicle control (Fig. 4). Optical coherence tomography
(OCT) techniques were used to image retinal detachments in these rabbit studies and
to provide an independent, qualitative confirmation of the topographic observations
made by indirect ophthalmoscopy. Time-lapsed OCT images of subretinal blebs
taken from an animal treated with INS37217 in one eye and modified PBS solution
in the other eye revealed an initial dome-shaped elevation of the retina immediately
following the creation of a subretinal bleb (Fig. 5). During the early post-operative

Figure 4 Effects of a single 50-mL intravitreous injection of INS37217-containing solution at
concentrations of (A) 12mM, (B) 1.4 mM, and (C) 0.15 mM versus vehicle on retinal reattach-
ment in a rabbit model of induced nonrhegmatogenous retinal detachment. INS37217-
containing solution and vehicle solution were formulated to equal tonicity and pH in
physiological saline. Retinal detachment was first induced by injecting a ~50-mL volume solu-
tion of modified PBS using a 29-gauge needle into the subretinal space. This was immediately
following by injection of INS37217 into the vitreous. Results show that INS37217 admini-
stered at 12 and 1.4mM, but not at 0.15mM, increased the rate of clearance of subretinal
blebs when compared with vehicle control.
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Figure 5 Representative grayscale OCT images and corresponding fundus photographs of
induced retinal detachment taken from an animal injected intravitreously (50 mL) with
12mM INS37217 (‘‘treatment eye’’) and another animal treated with vehicle (‘‘control
eye’’). The initial, elliptical border representing the visible contour of each subretinal bleb
in the fundus images at baseline (pre-INS37217 or prevehicle treatment) is drawn in, and
the border is drawn over the same corresponding areas in the follow-up images. In the control
eye, fundus photographs were taken at baseline and at 60 and 120 minutes post-treatment, and
OCT scans were taken every 30 minutes. Subretinal blebs in the control eye were initially
dome-shaped and assumed a more concave contour during the post-treatment period. Subret-
inal fluid appeared to be largely reabsorbed by 180 minutes. In the treatment eye, fundus
photographs and OCT images were taken at baseline and at 30 and 90 minutes post-treatment.
The initial dome-shaped retinal detachment assumed a more triangular profile at 30 minutes
postinjection, and by 90 minutes the subretinal bleb was no longer visible.
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period the bleb lost the convex contour and the surface became irregular. Subretinal
fluid appeared largely resolved by 90 minutes in the INS37217-treated eye and 180
minutes in the vehicle-treated eye, thus confirming observations made by indirect
ophthalmoscopy. OCT imaging revealed the development of small retinal folds as
subretinal fluid reabsorbed.

The effects of INS37217 on recovery of ERG function were evaluated in the
mouse following experimental retinal detachment and spontaneous reattachment.
Because of the small size of a mouse eye, a subretinal injection of 1-mL saline solution
resulted in a relatively large retinal detachment. This was clearly demonstrated, for
example, by adding fluorescent microbeads to the subretinally injected solution.
A single 1-mL injection of saline solution containing fluorescent microbeads detached
most of the mouse retina and distributed the microbeads to almost all of the subret-
inal space (14). It was noted that within 24 hours following a subretinal injection,
grossly evident retinal reattachment accompanied by extensive retinal folding was
observed. The retinal folding generally resolved within a week following the induced
detachment, and histological evaluations revealed that the retina was reattached at
this time. However, the time course of recovery of retinal function as determined
by ERG responses dramatically lagged behind the time course for morphological
reattachment, as was the case seen in a previous study in cats (14,15). For example,
the recovery of dark-adapted a-wave ERG amplitudes in mice at 14 days following
induced retinal detachment was only ~60% of contralateral, mock-surgery control
eyes evaluated at the same time. (Mock-surgery eyes received all surgical manipula-
tions except for the actual subretinal injection.) Subretinal injection of 1 mL saline
solution containing 10 mM of INS37217 dramatically reduced the extent of retinal
folding associated with induced detachments and significantly enhanced recovery
of scotopic a- and b-wave amplitudes at 1 and 10 days postinjection, when compared
with saline-injected controls (Fig. 6). Thus, INS37217 markedly improved post-
reattachment ERG function in this model of induced retinal detachment.

The rat, rabbit, and mouse retinal detachment studies described previously
strongly suggest, but do not directly demonstrate, that INS37217 stimulates active
transport across the RPE in vivo. Therefore, additional studies using the noninvasive
technique of differential vitreous fluorophotometry (DVF) were conducted with a
similar P2Y2 receptor agonist (INS542, Fig. 1) in rabbit eyes to demonstrate direct
stimulation of RPE-active transport and to assess the duration of pharmacological
action (16). Previous studies have shown that following systemic administration of
fluorescein, both fluorescein (F) and its metabolite fluorescein glucuronide (FG)
initially diffuse inwardly across the blood–retinal barrier (BRB) and accumulate in
the vitreous. After two to three hours following systemic administration of F, vitreal
F and FG are then transported outwardly back to the systemic circulation (17).
Although both vitreal F and FG can passively diffuse outward across the BRB,
the majority of the outward F movement and a smaller part of FG movement
depend on an active transport mechanism in the RPE (18). Vitreal F and FG, both
of which are differentially fluorescent, can be spectrally resolved and quantified using
DVF techniques. Thus, the measurements of fluorescence from F and FG using DVF
and calculations of the resultant F/FG ratios (at two or more hours following
systemic administration of F) provide a measure of the outward active transport of
F across the BRB at the level of the RPE (19). For example, an increase in active F
transport across the RPE results in less F in the vitreous and thus a smaller F/FG
ratio. Figure 7 shows that intravitreous injection of INS542 in intact rabbit eyes
reduced F/FG ratios beginning as early as 30 minutes following administration
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and the pharmacological effect was evident for at least the initial 12 hours. These
results therefore indicate that INS542 stimulates active transport of F across the
RPE. Insofar as the active transport of F can be taken as a probe for active fluid
and ion transport, these results further support the notion that the RPE is the direct
in vivo INS542 (and INS37217) pharmacological target.

DRUG DELIVERY AND DISTRIBUTION

From a drug delivery perspective, localization of P2Y2 receptors at the RPE apical
membrane requires that INS37217 must be present in the subretinal space to bind to

Figure 6 (A) Results summarizing the effects of subretinally administered INS37217
(1–200mM), compared with vehicle (saline) and mock-injected controls, on a- and b-wave
amplitudes measured from scotopic ERG recordings taken at one day following an induced
nonrhegmatogenous retinal detachment in normal mice. In these experiments, INS37217
was directly added to the saline solution used for subretinal injection. Note that mock-injected
eyes did not receive actual subretinal injections but otherwise received all other surgical
manipulations as INS37217- and saline-control-treated eyes. The effects of INS37217 show
a ‘‘bell-shaped’’ dose response with an optimal improvement of ERG function observed at
the 10 mM dose. (B) Representative dark-adapted ERG waveforms from mock-, saline-, and
INS37217-injected eyes recorded at 10 days following surgical treatment. (C) Results summari-
zing the amplitude of scotopic a- and b-wave ERG responses from mock-, saline-, and
INS37217-injected eyes at 10 days following treatment.
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the target receptor. Thus, delivery of INS37217 to the site of action can feasibly be
achieved using subretinal or intravitreous injection techniques in the clinic. Obvious
practical difficulties are associated with delivering drugs via subretinal injection in
the clinic, including both novelty and difficulty of approach and the clear potential
exacerbation of detachment. Thus, intravitreous injection of a small volume (such as
0.10mL or less) represents a much more reasonable approach for drug administra-
tion. INS37217 would need to remain intact as it diffuses across the retina to reach
the apical membrane of the RPE. In RRD, the presence of single or multiple retinal
tears or holes affords an additional passageway for compound diffusion into the sub-
retinal space. ATP and UTP are highly labile compounds that are rapidly degraded
by extracellular ectonucleotidases (20). INS37217 is a synthetic dinucleotide that is
engineered with improved metabolic stability when compared with ATP and UTP
(21). Previous work has shown that INS37217 is approximately four times more
stable than UTP in retinal tissue (22).

To track the ocular biodistribution of 3H-INS37217 and its radiolabeled meta-
bolites, Dutch-belted rabbits were given a single intravitreous administration of
3H-INS37217 and eyes were sectioned and processed for autoradiography for up
to 48 hours postadministration (22). Figure 8 shows that the 3H-signal distributed
throughout the vitreous and retina within 15 minutes postinjection. Time-dependent
signal localization was detected throughout the vitreous, retina, and ciliary body/iris
during the 24 hour postadministration period. The radioactivity in the anterior and
posterior chambers was sometimes absent at 15 minutes or 2 hours postdose, was at
the highest level six hours postdose, and either decreased or was absent at 24 hours

Figure 7 A comparison of F/FG ratios in treated rabbit eyes injected with 1.0mM INS542
and contralateral, untreated eyes at baseline (0 min) and at 0.5, 1, 3, 6, 12, and 24 hours after
vitreous injection of INS542. These rabbit eyes were intact insofar as no retinal detachments
were induced in these studies. The F/FG ratios in INS542-treated eyes are significantly smaller
than contralateral eye controls at the time points labeled with an asterisk (P< 0.05) (see text
for details).
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postdose. The signal was only slightly above background levels at the 48 hour time
point. No radioactivity was observed in the cornea, lens, choroid/sclera, and optic
nerve of any eyes at any time point. Thus, the biodistribution results here for
3H-INS37217 and its metabolites are in reasonable accordance with the pharmaco-
dynamic data from the rabbit DVF studies described earlier.

CLINICAL STUDY

INS37217 is currently in clinical development for the treatment of RRD. Preliminary
results of a Phase I clinical study on the tolerability and preliminary efficacy of
INS37217 in 14 patients with RRD were presented in 2003 (23). The study was
a randomized, placebo-controlled, double-masked, dose-escalation comparison of
INS37217 to placebo (balanced saline solution). Three doses were evaluated in the
study, 0.12, 0.24, and 0.48mg. Both INS37217 and placebo were delivered as a
single intravitreous injection (0.05 or 0.10mL). The study consisted of two phases:
the pharmacologic activity phase and the safety follow-on phase. The pharmaco-
logic activity phase assessed the action of a single dose of INS37217 intravitreal
injection versus placebo during the first 24 hours after dosing. The safety follow-
on phase provided for monitoring of the subjects for one year to ensure no acute
or chronic toxicities.

The purpose of this trial was to assess the tolerability of INS37217 when admi-
nistered as a single intravitreal injection in subjects with RRD. Only patients with
macula-on RRD were enrolled in the study. The secondary objective of this trial
was to determine the pharmacologic activity of INS37217 by assessing its ability
to clear extraneous fluid from the subretinal space and thereby facilitate retinal
reattachment with a single injection. Subjects that responded positively to INS37217
received treatment for repairing the retinal tear, such as laser photocoagulation or

Figure 8 Representative autoradiographic images taken from cross sections of rabbit eyes
injected intravitreously with radiolabeled INS37217 (3H-INS37217 at 3mg per eye) showing
the distribution of radiolabeled signal in various ocular structures at the postinjection time
points indicated. Radioactivity from INS37217 or its metabolites is distributed throughout
the entire vitreous within 15 minutes and is largely absent by 48 hours.
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cryopexy. Subjects that did not respond to treatment proceeded to rescue therapy
of pneumatic retinopexy (PR). The effect of INS37217 or placebo on the extent of
retinal detachment was evaluated using two independent, quantitative measures.
One measure involved quantifying the extent of retinal detachment using fundus
examination, and the second measure involved quantifying extent and height of
retinal detachment using B-scan ultrasound images of the eye. Fundus and B-scan
evaluations were conducted under conditions in which the identity of the drug versus
placebo was masked.

INS37217 was well tolerated at all doses tested with no drug-related serious
adverse events reported in the study. There was no evidence of systemic or ocular
toxicity, endophthalmitis, or maculopathy associated with INS37217 treatment.
When compared with placebo-treated eyes, INS37217-treated eyes showed a greater
decrease in extent of retinal detachment, as observed using both direct fundus exam-
ination and B-scan ultrasound. One subject receiving 0.12mg INS37217 did not
require PR to reattach the retina and was treated with cyropexy to repair the tear.
All other subjects required PR prior to repair of the retinal tear. Retinal reattach-
ment was achieved in all subjects following PR therapy. Four cases of retinal rede-
tachment in the study eye were observed at varying time points during the one-year
observation period following the initial repair. The frequency of redetachment is
consistent with the published literature of redetachment rates (13). Although all ran-
domized subjects had a macula-on retinal detachment and were therefore at high risk
for development of a macula-off detachment, none of the subjects progressed to a
macula-off detachment. Further details of the results of this clinical study will be
revealed at a later date. A larger Phase II clinical study took place in 2004 and 2005.

FUTURE HORIZONS

Surgeries to repair retinal detachment are generally successful in terms of achieving
ophthalmoscopically evident anatomical reattachment. However, this anatomical
reattachment frequently does not produce a commensurate full restoration in visual
function. In macula-off detachments, successful reattachment resulted in only ~20%
of patients achieving better than 20/50 visual acuity (24). Enhancing retinal reattach-
ment or preventing the progression of a macula-on detachment to a macula-off
detachment via pharmacological means may improve visual outcomes in RRD.
There are additionally retinal conditions, such as central serous retinopathy, that
cannot be treated with surgical approaches and also may be amenable for pharma-
ceutical intervention. No pharmaceutical agents are currently approved as part of
standard treatment of retinal detachments, and the ability to define efficacy outcome
measures in pivotal clinical trials may prove challenging because of the novelty of
this proposed treatment modality. The following list provides a number of efficacy
measures that are clinically meaningful and perhaps achievable with INS37217’s
pharmacological mechanism of action:

� Improve surgical outcomes in terms of reattachment rates and frequency.
� Eliminate the need for surgery in limited cases of RRD (such as those invol-

ving shallow detachments, pinhole tears, or detachments with negligible
tractional component).

� Eliminate or reduce the need for adjunctive procedures in surgery (such as
drainage or pneumatic procedures in scleral buckle surgery).
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� Improve visual outcome following reattachment surgery by resolving
persistent accumulation of subfoveal fluid (25).

� Treat other disorders of the retina associated with intraretinal or subretinal
fluid build-up, including central serous retinopathy, central and branch
retinal vein occlusion, and cystoid and diabetic macular edema.

� Improve the time course for retinal reattachment in macular translocation
surgery (26,27).

Thus, there exist a variety of predominantly acute edematous retinal disorders
that may be amenable for treatment with an intravitreous injection of INS37217. For
treatment of chronic conditions such as cystoid or diabetic macular edema, alterna-
tive means of intravitreous delivery, such as intravitreous insert or implant or a
sustained-release formulation, will likely be required.
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DESCRIPTION OF ENCAPSULATED CELL TECHNOLOGY

Encapsulated cell technology (ECT) was developed to treat diseases of the central
nervous system (CNS) (1–10) and the eye (11). ECT implants consist of living cells
encapsulated within a semipermeable polymer membrane and supportive matrices.
The encapsulated cells are genetically engineered to produce a specific therapeutic
substance to target a specific disease or condition. Once surgically implanted into
the CNS or eye, the semipermeable polymer membrane has two main functions: it
allows the outward passage of the therapeutic product while protecting the encapsu-
lated cells from rejection by the patient’s immune system. It also permits ready access
to oxygen and nutrients (Fig. 1).

The ability to deliver biologically active molecules directly to the target site is a
major hurdle to their use in the treatment of CNS and eye diseases. The blood–retina
barrier (BRB) prevents the penetration of most molecules to the neurosensory retina,
in the same way the blood–brain barrier (BBB) hinders access to the CNS. ECT offers
the potential for controlled, continuous, long-term delivery of therapeutics, including
a wide variety of novel proteins and other compounds, directly to the retina, bypass-
ing the BRB. In addition, the implants can be retrieved, providing an added level of
safety. Therefore, ECT has promising applications to major types of ocular disorders
such as retinal degeneration, ocular inflammation, and angiogenesis.
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An intraocular implantable encapsulated cell unit prototype for chronic delivery
of therapeutic agents has been developed to treat ophthalmic disorders (Fig. 2) (11).
The implant consists of genetically modified cells packaged in a hollow, semiperme-
able membrane. The hollow fiber membrane (HFM) prevents immune molecules,
e.g., antibodies and host immune cells, from entering the implant, while allowing
nutrients and therapeutic molecules to diffuse freely across the membrane. The encap-
sulated cells continuously secrete therapeutic agents (Fig. 2A), and derive nourish-
ment from the host milieu. The ECT capsule is implanted through a small pars
plana incision and anchored to the sclera by a small titanium wire loop (Fig. 2B).
The active intravitreal portion of the implant measures�1mm in diameter and
10mm in length. It is fixed outside the visual axis.

Advances in molecular biology over the last two decades have led to the dis-
covery of potent proteins such as cytokines and neurotrophic factors. The potential
therapeutic value of these molecules is impressive; however, realization of this poten-
tial has been slow. Effective delivery of these molecules to the target sites, particu-
larly the CNS and the eye, has proven to be a formidable task, due to the barrier
properties of the brain and eye. Despite promising results in short-term animal stud-
ies, few, if any, proteins have become successful therapeutics for human CNS or eye
disorders. A clinical trial sponsored by Regeneron of systemically administered cili-
ary neurotrophic factor (CNTF, a 24-kDa member of the interleukin-6 cytokine
family) for amyotrophic lateral sclerosis is a good example. In this trial, despite high
systemic doses, CNTF was undetectable in the CNS and there was no therapeutic
benefit. In addition, the high peripheral CNTF levels were associated with major side
effects, such as fever, fatigue, and blood chemistry changes that are consistent with
activation of the acute-phase response (12,13). One reason for these disappointing
results may be difficulty in achieving adequate concentrations of drug at the appro-
priate site; systemic administration may simply not be an effective way to treat CNS
or ocular disorders. A continuous and site-specific delivery system may optimize the
pharmacokinetics of these potential therapeutic agents in these two areas.

Figure 1 Diagram of a cross-section view of an ECT implant.Abbreviation: ECT, encapsulated
cell technology.
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ECT provides an alternative to the conventional means of administration. It
is particularly attractive for the following reasons: (i) it potentially allows any
therapeutic agent to be engineered into the cells and therefore has a broad range
of applications; (ii) in at least one system the mammalian cell produced protein fac-
tor, freshly synthesized and released within the target site in situ, is more potent than
the purified recombinant factors (14) thereby reducing the dose requirement; (iii) for
proteins delivered directly into the cerebrospinal fluid (CSF) or eye the limited CNS
and eye volume of distribution, the presence of the BBB and BRB, and the low dose
requirement minimize potential systemic toxicity associated with the protein; and
(iv) the cell-containing capsule can be retrieved.

Figure 2 Neurotech’s proprietary encapsulated cell therapy. Encapsulated cell implants
consist of living cells encapsulated within semipermeable polymer membranes and supportive
matrices: (A) longitudinal view of a cell-containing implant; (B) intraocular placement of an
encapsulated cell implant. Source: From Ref. 11.
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Selection of a Platform Cell Line for ECT

To successfully develop ECT-based systems, it is essential to identify the specific para-
meters that determine the survival, output, and immunological behavior of cells in an
encapsulated environment. These parameters can then be used to screen and develop
appropriate cells that show good survival and stable function when encapsulated
within a capsule. Methods were developed to identify hardy platform cell lines for
a wide range of encapsulated cell therapies. The focus of the strategy was to identify
human cell lines that show long-term survival in an encapsulated environment; that
can be genetically engineered to secrete protein factors; and that are nontumorigenic.

The treatment of neurological and ocular diseases is particularly attractive for
ECT. The CSF, brain parenchyma, and vitreous gel of the eye are all potential sites
for implantation of encapsulated cells releasing therapeutic factors. Transplantation
of encapsulated cells releasing therapeutic factors can bypass either the BBB or the
BRB. However, long-term survival of encapsulated cells in these environments
is challenged by the potential of cell overgrowth and the stressful environmental
factors such as low O2 and poor nutrient flux.

Selection Criteria

The translation of success from short-term animal models to a practical treatment
for chronic human diseases depends on long-term cell viability in the capsule in vivo.
Ideally, the encapsulated cells will:

1. Be hardy under stringent conditions. The encapsulated cells should be both
viable and functional in the avascular tissue cavities such as in the CNS or
the vitreous cavity environment. Cells should exhibit >80% viability for a
period of more than one month in the implant or capsule in vivo to ensure
long-term delivery.

2. Be genetically modifiable. The desired therapeutic factors need to be engi-
neered into the cells.

3. Have a relatively long life span. The cells should produce sufficient progeny
so they can be tissue banked, characterized, engineered, safety tested, and
clinical lot manufactured.

4. Deliver an appropriate quantity of a useful biological product to ensure
treatment effectiveness.

5. Have no or a low level of host immune reaction to ensure graft longevity.
Preferably cells should be of human origin to increase compatibility
between the encapsulated cells and the host.

6. Be nontumorigenic to ensure safety to the host, in case of implant leakage.

Selection Strategies

A three-step hardy cell screen was designed to identify potential platform cell lines.
The schematic representation of the screening process is presented in Figure 3.

1. Rapid in vitro screening for hardy cells that are transfectable. The two
critical characteristics that cells must possess in order to be useful for
long-term delivery of therapeutic agents are (i) viability under stringent
conditions and (ii) transfectability (so that desired therapeutic factors
can be genetically engineered into the cells). Because of the number of both
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xenogeneic and human cell lines available, a screening method was developed
to rapidly and efficiently assess viability and transfectability. Viability was
screened using increasingly challenging conditions from optimal (DMEM
F12þ 10% FBS) to artificial aqueous humor (aAH) or artificial CSF (aCSF).
Transfectability was assessed using a green fluorescent protein (GFP) expres-
sion vector transfected using a variety of transfection techniques. Approxi-
mately 25–30 currently available cell lines were rapidly screened at this level
and the most promising cells were selected and carried through further stages
(described next).

2. In vitro ECT capsule viability screen. For ‘‘hardy cell’’ candidates
that passed the initial cell screen and transfectability screen, the cells were
encapsulated and their viability was evaluated using different combina-
tions of extracellular matrix (ECM) and scaffold. The encapsulated perfor-
mance was examined under optimal tissue culture conditions or under
stringent tissue culture conditions (such as artificial CSF). The best

Figure 3 Schematic representation of the three-step hardy cell screening process. The cells that
pass the in vitro viability and transfectability screen proceed to the in vitro ECT capsule viability
screen, and the optimal combination of the cell–ECM–scaffold that passed the in vitro capsule
viability screen proceed to the in vivo ECT capsule viability screen. Abbreviations: aCSF, artifi-
cial CSF; ECM, extracellular matrix.
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combination of cell–ECM–scaffold that passed the stringent in vitro cap-
sule screen was further evaluated in vivo.

3. In vivo capsule viability screen. The intrinsic behavior of the cells, diffusion
of nutrients and cofactors, and immunogenicity all affect the viability
and function of the cells in capsules. Multiple capsule configurations and
cell–matrix–membrane combinations were tested. The combination of
cell–ECM–scaffold was encapsulated with differentmembranes and capsules
were implanted into CNS and ocular sites (such as rat ventricle, rabbit eye,
dog eye, pig eye, and sheep intrathecal space). The optimal cell–matrix–
membrane combinations that show longevity and functional stability in vivo
were chosen for further development.

Following the three-step screening process, NTC-200 was identified as the
best platform cell line for ECT. NTC-200 cells are retinal pigment epithelial cells
derived from a human donor. In combination with the HFM and polyethylene
terephthalate (PET) yarn, NTC-200 cells demonstrated the best in vitro and in
vivo viabilities. NTC-200 cells can also be genetically modifiable to secrete a
desired factor, such as CNTF. The modified cells being designated NTC-201.
The cells have a long lasting life span and are of human origin. The encapsulated
NTC-200 cells have good in vivo viability (>80% viable after one month in vivo).
NTC-200 cells can deliver sufficient quantity of growth factor to achieve efficacy,
trigger no or a low level of host immune reaction, and are nontumorigenic in
nude mice.

SPECTRUM OF DISEASES FOR WHICH THIS DELIVERY
SYSTEM MIGHT BE APPROPRIATE

ECT is ideally suited for treating CNS and eye diseases for which there are currently
no effective therapies.

Diseases of the CNS

The efficacy of ECT-based therapeutic factor delivery has been consistently demon-
strated in animal models of neurodegenerative diseases of the CNS, including CNTF
in the rodent and primate models of Huntington’s disease, glial cell line–derived
neurotrophic factor in the rat model of Parkinson’s disease, and nerve growth factor
in rodent and primate models of Alzheimer’s disease (4–10). Furthermore, previous
studies have shown that mammalian cell–derived growth factor, synthesized de novo,
is more potent than purified, Escherichia coli–derived growth factor (3,14). NsGene,
a Danish biotech company and a sublicensee of Neurotech, is actively pursuing CNS
applications using ECT.

Diseases of the Eye

Neurotech USA is developing ECT for ophthalmic applications, primarily due to
the many unmet medical needs in the field of ophthalmology. Although many topical
pharmaceutical agents such as antibiotics and anti-inflammatory agents are available
for the eye, few treatments, if any, are available for the common causes of blindness
that affect millions of people worldwide. Many of these devastating diseases are
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associated with the degenerating retina. Although previous studies have shown pro-
mise of growth factors in reducing or halting the pathogenesis of retinal degeneration,
unfortunately, progress has been slow in this field due to a number of challenges. First,
the therapeutic agents that have shown promise cannot pass through the BRB.
Second, repeated intraocular injection is not practical due to the chronic nature of
these diseases. Third, an effective delivery system is not yet available.

Although there are a wide variety of eye diseases, there are three main clinical
manifestations that represent targets for therapy: photoreceptor degeneration in the
neural retina, vascular proliferation, and inflammation. Several proteins show power-
ful neurotrophic, antiangiogenic, and anti-inflammatory properties. These proteins
have the potential to significantly slow or halt retinal diseases. The lack of effective
concentration at the target site, and the adverse effects associated with frequent intra-
ocular injections are current challenges to administering these therapeutic proteins.

ECT-Based Delivery of Neurotrophic Factors for the
Treatment of Retinitis Pigmentosa

NT-501 is an ECT-CNTF product that consists of encapsulated cells that secrete
recombinant human CNTF. After implantation, CNTF is released from the cells
constitutively into the vitreous gel. The NT-501 implant is manufactured to be ster-
ile, nonpyrogenic, and retrievable. The current implant or capsule is about 1.1 cm in
length (including titanium loop) and will be placed well outside the visual axis in the
human eye. This same implant and implant size has been used in preclinical toxicity
and efficacy evaluation studies in dogs, pigs, and rabbits. The therapeutic intent of
intraocular CNTF delivery is to reduce or arrest the progressive loss of photorecep-
tors, which is characteristic of retinitis pigmentosa (RP) and related retinopathies.

RP is a group of incurable retinal degenerative diseases that have a complex
molecular etiology. Approximately 100,000 Americans suffer from RP. More than
100RP-inducing mutations have been identified in several genes including: rhodopsin,
the rod visual pigment; peripherin, a membrane structure protein; and PDEB, the beta
subunit of rod cyclic GMP (cGMP) phosphodiesterase. However, the genotype is
unknown for the majority of patients. Despite this genetic heterogeneity, there tends
to be a common pattern of visual loss in patients with RP. Typically, patients experi-
ence disturbances in night vision early in life because of rod photoreceptor degenera-
tion. The remaining cone photoreceptors become their mainstay of vision, but over the
years and decades, the cones slowly degenerate, leading to blindness. These two phases
of degeneration in the visual life of a patient with RPmay involve different underlying
pathogenic mechanisms. Regardless of the initial causative defects, however, the end
result is photoreceptor degeneration. This common pathogenesis pathway provides
a target for therapeutic intervention.

There are many naturally occurring and genetically engineered animal models of
RP. Many studies have demonstrated the promise of growth factors, neurotrophic
factors, and cytokines as therapeutics for RP in short-term animal models. Among
them CNTF is reported to be the most effective in reducing retinal degeneration
(15). Unfortunately, the local adverse effects associated with the intraocular adminis-
tration of these factors at relatively high levels, their short half-life following intravi-
treal administration, and the existence of the BRB, which precludes useful systemic
administration of these agents for treatment of RP, have prevented their further
clinical development and therapeutic practicality for RP patients. To circumvent these
CNTF delivery problems, the NT-501 implant has been developed.
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ECT Neurotrophic Factors for the Treatment of Glaucoma

In addition to RP, ECT could be applied to neurodegeneration in glaucoma. This
group of diseases is characterized by a progressive degeneration within the neural
retina eventually leading to blindness. In a number of in vitro systems, several
neurotrophic factors protect various types of retinal neurons, including retinal gan-
glion cells and photoreceptors. These factors have been shown in animal models to
have protective effects on the neural retina, as well as on other parts of the CNS,
despite the complicated nature of the underlying molecular mechanisms that trigger
degeneration in different diseases. Preserving photoreceptors and ganglion cells by
slowing the degenerative process would have enormous therapeutic benefit, even if
the underlying pathophysiology of the disease was not corrected. The delivery of
neurotrophic factors from encapsulated cells in the eye may significantly delay the
loss of visual function associated with diseases in which degeneration plays a role.
One of the most promising molecules that has shown significant efficacy in these
models is CNTF, and the efficacy of local administration of this agent has been
demonstrated in several large animal models (16–18). Also see Chapter 3.

ECT Antiangiogenic Factors for the Treatment of Age-Related Macular
Degeneration and Diabetic Retinopathy

Retinal vascular proliferation can occur in a number of different sites within the eye, and
plays a role in many ocular diseases. In age-related macular degeneration, angiogenesis
of the choroidal vasculature can cause leakage of fluid and bleeding into the retina,
subretinal, subretinal pigmented epithelium, and subneurosensory spaces, leading ulti-
mately to loss of neural retinal elements. In diabetic retinopathy, neovascularization in
the optic nerve and the retina leads to hemorrhaging within the vitreous cavity and sub-
sequent retinal detachments from traction. In addition, angiogenesis within the iris
(called rubeosis iridis) causes neovascular glaucoma. Delivery of antiangiogenic factors
either alone or in combination with neurotrophic factors could significantly impact the
progression of these diseases. Some antiangiogenic factors that are believed to be pro-
mising for the treatment of vasoproliferative diseases are inhibitors of vascular endothe-
lial growth factor (VEGF), soluble receptors for VEGF, endostatin, angiostatin, and
pigment epithelium-derived factor. These are all testable using existing well-established
animal models that mimic these human diseases. Also see Chapter 5.

ECT Anti-Inflammatory Factors for the Treatment of Uveitis

Uveitis is a general term used to describe a group of syndromes that have, as a
common feature, inflammation of the uveal tract. Experimental autoimmune uveoreti-
nitis can be induced inmany animals by a subretinal injection of bovine serum albumin
or fibroblasts, although most studies have been done in rabbits. A number of non-
steroidal, anti-inflammatory proteins are known which may be valuable for long-term
therapy of uveitis if delivered from encapsulated cells. Some anti-inflammatory factors
that are believed to be promising for the treatment of uveitis diseases are inhibitors of
inflammatory cytokines, such as antibodies or soluble receptors.

ANIMAL MODELS USED TO INVESTIGATE THE APPLICABILITY OF
THIS DELIVERY SYSTEM FOR THE DISEASES MENTIONED

Although ECT can be applied to treat a number of human ocular diseases, RP was
chosen for the following reasons: (i) in many instances the cause and pathogenesis of
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the disease are well defined (19); (ii) animal models that are molecular homologs
of the human disease are available (20–26); and (iii) a number of neurotrophic fac-
tors have shown protective effects against photoreceptor degeneration (15,27–29).

Prior studies have demonstrated the promise of growth factors, neurotrophic
factors, and cytokines given by intravitreal injection in short-term animal experi-
ments as potential therapy for RP (15,27,28,30). Among these, ciliary neurotrophic
factor (CNTF) is effective (15). Unfortunately, the chronic nature of the disease and
the adverse effects associated with repeated short-duration intraocular administra-
tion mitigates the use of CNTF by this delivery method.

Two animal models, the S334ter-3 transgenic rat model and the rod–cone
degeneration 1 (rcd1) mutant dog model, were used to investigate the therapeutic
efficacy and safety of prolonged intraocular CNTF delivery via either unencapsu-
lated or encapsulated cells.

Transgenic Rat Model for Retinal Degeneration

Heterozygous S334ter-3 rats carrying the rhodopsin mutation S334ter were produced
by mating homozygous breeders (kindly provided by Dr. M.M. LaVail, University of
California, San Francisco, CA) with wild-type Sprague–Dawley rats. In this model,
photoreceptor degeneration begins soon after birth (P8), and degeneration continues
rapidly. By P20 only one layer of photoreceptor remains (25). This model was used to
assess the effect of unencapsulated CNTF secreting cells. At P9, approximately 105

NTC-201 cells (in vitro CNTF output at 100 ng/million cells/day) in 2-mL phosphate
buffered saline (PBS) were injected into the vitreous of the left eye of S334ter-3 rats
(n¼ 6) using a 32-gauge needle. Control animals were injected with untransfected par-
ental cells (n¼ 6). Contralateral eyes were not treated. For the CNTF bolus injections,
1 mg CNTF in 1 mL of PBS was injected into the vitreous at P9. Eyes were collected at
P20, and processed for histologic evaluation. Plastic embedded sections of 1-mm thick-
ness stained with toluidine blue were examined by light microscopy.

rcd1 Dog Model for Retinal Degeneration

The efficacy of intravitreal CNTF was investigated using NT-501 implant in the rcd1
dog model. The rcd1 affected dogs carrying a mutation of the gene encoding the
b-subunit of the rod cGMP phosphodiesterase (PDEB) were provided by the
Retinal Disease Studies Facility (Kennett Square, PA), which is a resource maintained
by the NEI/NIH (EY-06855) and the Foundation Fighting Blindness. The pathogen-
esis of the rcd1 dog model has been characterized (26,31). In this model, photorecep-
tor degeneration begins 3.5weeks after birth and continues for a year, with 50%
photoreceptor loss at seven weeks of age and additional 50% loss at 14 weeks. For
each dog, the left eye received an NT-501 implant and the right eye was untreated
(control). The study duration was seven weeks. At the end of the study, the animals
were sacrificed and implant were explanted and evaluated for CNTF output by
enzyme-linked immunosorbent assay (ELISA) and for cell viability by histological
analysis. The eyes were enucleated and fixed in Bouin’s solution, embedded in paraf-
fin, and sectioned at 6 mm. Vertical sections through optic nerve and pupil were
stained with hemotoxylin and eosin and examined by light microscopy. The ECT
implants were fixed in 4% paraformaldehyde and processed for glycidylmethacrylate
(GMA) embedding, sectioned, and stained for histological evaluation. Each section
was reviewed to determine cell density and cell viability.
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PHARMACOKINETIC AND PHARMACODYNAMIC STUDIES
USING THE DELIVERY SYSTEM

To evaluate the pharmacokinetics of CNTF in the vitreous humor when delivered
via intraocular implantation of NT-501 as well as the long-term function of the
NT-501 after implantation, capsules were implanted into rabbit eyes. At different
time points after implantation, capsules were explanted and vitreous samples har-
vested. The CNTF output from the explanted capsules and CNTF levels in vitreous
samples were determined by ELISA.

RESULTS OF ANIMAL MODEL STUDIES

Efficacy

Protective Effect of NTC-201 in a Transgenic Rat Model for RP

To investigate whether CNTF delivered via mammalian cells was effective in photo-
receptor protection, a short-term study using unencapsulated NTC-201 cells was
carried out in a rapid retinal degeneration, transgenic rat RP model, S334ter-3
(25). The S334ter-3 transgenic rats were treated with either NTC-200 (parental cell
line, n¼ 6) or NTC-201 (CNTF-secreting cell line, n¼ 6) via intravitreal injection
into one eye on postnatal day (P) 9 when retinal degeneration has already begun.
The contralateral eye was not treated. The experiment was terminated on P20,
and the eyes processed for histologic evaluation. In untreated eyes of S334ter-3
transgenic rats, severe photoreceptor degeneration was observed by P20, and exam-
ination of the outer nuclear layer (ONL) showed only one row of nuclei remaining
(Fig. 4A). The NTC-201-injected eyes had five to six rows of nuclei in the ONL
(Fig. 4C), while in the control eyes that were injected with nontransfected cells
(NTC-200), only one to two rows of nuclei remained (Fig. 4B). Furthermore, no
evidence of retinal inflammation was observed in any of the treated or control eyes.
In animals treated with a single intravitreal injection of purified human recombinant
CNTF, the ONL had two to three rows of nuclei (Fig. 5). These results clearly
demonstrate that continuous delivery of CNTF via mammalian cells protected
against retinal degeneration in this model.

NT-501 Implant Protects Photoreceptors in the rcd1 Dog RP Model

To evaluate the effect of CNTF delivered via an NT-501 implant, an experiment was
conducted using the rcd1 dog model for RP (26,31). The rcd1 dogs carry a mutation
on the PDE6B gene and the retinal degeneration of this model is well characterized.
To evaluate photoreceptor protection, NT-501 capsules secreting 1–2 ng/day of
CNTF were surgically implanted into one eye of each rcd1 dog (n¼ 2) at seven weeks
of age, a point at which 40% to 50% of photoreceptors have already been lost due
to degeneration (i.e., five to six layers of ONL remain). This is three weeks after wean-
ing for the dogs and the earliest time point that the surgical procedure can be per-
formed without disruption of the retina (the eyes of younger dogs would be too
small to accommodate a 1-cm-long implant). The contralateral eye was not treated.
Capsules were explanted at 14 weeks of age after which time, if untreated, an addi-
tional 50% of photoreceptors are expected to be lost, leaving only two to three layers
of ONL remaining (26,32). After explantation, the eyes were processed for histologic
evaluation and the explanted capsules were assayed for CNTF output and cell
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viability. As expected, the ONL in untreated eyes was about two to three layers thick.
In contrast, the ONL in the NT-501-treated eyes still had five to six layers remaining,
similar to the number of nuclei rows present at the time when the treatment began
(Table 1 and Fig. 6). Moreover, the protection of photoreceptors was evenly distrib-
uted throughout the retina (Table 1) and not localized near the implant site. The
observed protection is statistically significant (p< 0.0001). Again, there were no
apparent adverse effects existing in the retina. All explanted capsules contained viable
cells (Fig. 7).

Photoreceptor Protection in the rcd1 Dog by NT-501 Implant Is Dose Dependent

To determine the minimum effective dose and the optimal therapeutic dose of
CNTF, a dose-ranging study was conducted. Thirty-one rcd1 dogs were included
in this study. Capsules that released different levels of CNTF were implanted into
one eye of small groups of rcd1 dogs at seven weeks of age. The contralateral eye
was not treated. The level of implant CNTF output (ng/day) was defined as follows:
<0.1 (n¼ 4), 0.2–1 (n¼ 8), 1–2 (n¼ 7), 2–4 (n¼ 9), 5–15 (n¼ 3). Again the capsules
were explanted at 14 weeks of age and assayed for CNTF output and viability, and

Figure 4 Retinal photomicrographs of transgenic rats carrying the rhodopsin mutation
S334ter: (A) S334ter untreated eye; (B) NTC-200 parental cell treated eye; and (C) NTC-
201 cell treated eye. The cells were injected on P9 and the experiment was terminated on P20.
Brackets denote ONL. Abbreviation: ONL, outer nuclei layer. Source: From Ref. 11.
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the eyes were processed for histologic evaluation. As can be seen in Figure 8, NT-501
implant significantly protected photoreceptors in the rcd1 mutant dog model from
degeneration in a dose-dependent manner. Complete protection was achieved at
the highest dose (5–15 ng/day of CNTF), and minimal, but statistically significant,

Figure 5 Retinal photomicrographs of transgenic rats carrying the rhodopsin mutation
S334ter: (A) S334ter untreated eye and (B) CNTF treated eye by bolus intravitreal injection. The
CNTF was injected on P9 and the experiment was terminated on P20. Brackets denote ONL.
Abbreviations: CNTF, ciliary neurotropic factor; ONL, outer nuclei layer. Source: From Ref. 11.

Table 1 Protective Effect of NT-501 on Photoreceptors of rcd1 Dogs

Animal# Retina area�

Photoreceptor ONL

p-value
ECT-CNTF

treated Not treated

1485 S1 5.5 3.0
S2 5.8 2.7
S3 6.0 4.0
I1 4.0 2.5
I2 3.8 2.3
I3 4.2 2.7
Average 4.8� 0.23 2.9� 0.15 <0.0001

1489 S1 5.3 3.5
S2 7.5 3.3
S3 7.5 4.0
I1 5.5 3.7
I2 4.5 3.2
I3 5.3 2.7
Average 5.9� 0.0.29 3.4� 0.14 <0.0001

Abbreviations: ONL, outer nuclei layer; ECT, encapsulated cell technology; CNTF, ciliary neurotrophic factor.

Source: From Ref. 11.
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protection was observed at levels as low as 0.2–1 ng/day of CNTF. CNTF delivered
below 0.1 ng/day had no protective effect, indicating that the observed protective
effect was due to the presence of CNTF and not the ECT implant itself.

Histological evaluation indicated that all implants contained healthy, viable
cells throughout. No cellular evidence of an immune reaction, inflammation, or
damage to the retina was observed. Clinical and histological examination of the
eye and focal areas of opacity of the lens were observed in some animals, which in
most cases were located adjacent to the placement site of the implant. CNTF dosage
received by the animal could not be correlated with the incidence or severity of these
lens changes.

Pharmacokinetics

The explanted NT-501 capsules produced a consistent amount of CNTF up to
12 months in vivo. CNTF was readily detectable in the vitreous. The results are

Figure 6 Retinal photomicrographs of rcd1 dog model of retinitis pigmentosa. Comparison
of ONLs in NT-501 (A) treated versus (B) nontreated eyes. The capsule was implanted into
one eye at 7 weeks of age and explanted at 14weeks of age. The contralateral eye was not
treated. Abbreviation: ONL, outer nuclei layer. Source: From Ref. 11.
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presented in Figure 9. The data from these rabbit pharmacokinetic and long-term
implant function studies suggest that the NT-501 capsule delivers CNTF into the
vitreous for periods of at least one year after implantation. Histologic evaluation
indicated that all capsules contained healthy, viable cells (33).

TECHNIQUES FOR IMPLANTING OR PLACING
THE IMPLANT IN HUMANS

For clinical trials, the ECT capsule will be implanted in a manner similar to that
described for fluocinolone acetonide intravitreal implant (see Chapter 14).

Figure 7 Representative implant cell viability after seven weeks in vivo. GMA embedded
sections, 4-mm thick, stained with hemotoxylin and eosin, were examined under light micro-
scope under the following magnifications: (A) low power and (B) high power. Sections of PET
yarn scaffold along with cells were shown. Abbreviations: GMA, glycidyl methe arylate;
PET yarn, polyethylene terephthalate (PET) yarn. Source: From Ref. 11.

Figure 8 Dose response protection of photoreceptors in rcd1 dog model of retinitis pigmen-
tosa. Comparison of ONLs in NT-501 treated eyes with the nontreated eyes (mean� SEM);
�p< 0.05. Abbreviation: ONL, outer nuclei layer. Source: From Ref. 11.
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NT-501 Implant Surgery

An implant will be removed from its package by manually securing the notched cap
that closes the inner baffle of the package, twisting the cap counterclockwise, and
gently pulling the cap from the baffle opening, revealing an implant supported by
a titanium clip. The implant is examined for any gross defects. A single throw of
double-armed Prolene will be placed through the suture anchor on the implant.
The implant is then released from the titanium clip. The implant is then inserted
through a 2-mm scleral incision, 3.75mm posterior to the limbus in the inferonasal
quadrant. The implant is secured to the sclera, and the wound closed, as described
for the fluocinolone acetonide intravitreal implant (see Chapter 14).

NT-501 Explant Surgery

The patient is prepared in a manner similar to that used for implantation. Under
microscopic visualization, a limbal conjunctiva peritomy will be performed at the site
of the previous implant. Bipolar wetfield cautery is applied as needed to control
bleeding and the previously placed prolene sutures will be identified. The two lateral
prolene sutures will be removed. A super-sharp blade is used to create a 1.5-mm
sclerotomy on either side of the anchoring 9–0 prolene suture. Bleeding from the pars
plana sclerotomy is controlled with a 23-gauge tapered bipolar cautery. Care is taken
to ensure the scleral wound lips are not cauterized. The sclerotomy edges are gently
spread and amicroforceps is used to grasp the anchoring loop on the implant. The scler-
otomy may have to be enlarged to adequately visualize the implant. Once grasped, the
implant is steadied while the sclerotomy is completed (joining adjacent sclerotomies)
using the super-sharp blade. The anchoring prolene knot will be transected by this man-
euver but the suture should remain attached to the implant. An attempt is then made to
gently remove the implant using themicroforceps. If resistance is encountered, the scler-
otomy will be inspected and adhesions will be transected using the super-sharp blade or

Figure 9 Time course of CNTF output (after explanting) and vitreous CNTF levels after
NT-501 intraocular implantation in rabbits. Abbreviation: CNTF, ciliary neurotropic factor.
Source: From Ref. 33.
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microscissors. Once the implant has been removed the sclerotomy is closed with 9–0
nylon suture and the retina is inspected with the indirect ophthalmoscope for tears or
bleeding. The intraocular pressure is restored to a normal level, and the conjunctiva
is closed with 7–0 vicryl suture. At the end of surgery, 100mg cefazolin is administered
by subconjunctiva injection.

FUTURE HORIZONS

Preclinical development of ECT has demonstrated the therapeutic efficacy, long-term
delivery, and relative safety in the animal eyes. Validation of the ECT technology in
human eyes will be a critical step. If safety and consistent delivery of ECT are demon-
strated in clinical trials, ECT could potentially serve as a delivery system for a number
of ophthalmic diseases for which currently no effective therapies are available.

Higher-output cell lines that provide adequate dosage with fewer cells have
been developed. A shorter implant, 6mm in length, that incorporates these cells is
currently under development. It is desirable to make the implant as small as possible.
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INTRODUCTION

In 1900, Raab’s mentor von Tappeiner made the initial observations that led to the
evolution of photodynamic therapy (PDT) (1). He serendipitously discovered that
the combination of acridine red and light resulted in lethal toxicity to the parame-
cium Infusoria. The first clinical application of this kind of photochemical reaction
was reported by Raab’s mentor von Tappeiner who treated skin tumors with the
combination of topical eosin and sunlight (2). Since this early work, the administra-
tion of photosensitizers in conjunction with the delivery of visible light has developed
into a viable treatment option for various conditions in fields including dermatology,
oncology, and ophthalmology.

The principle of PDT relies on the selective accumulation of a photosensitizing
drug in diseased tissue with subsequent activation of the drug by illumination of
the target tissue with a specific wavelength of light. Absorption of light converts the
photosensitizer into a photoactive triplet state, which generates reactive oxygen spe-
cies via two types of reactions. Free radicals and superoxide ions result from the
transfer of hydrogen or electrons in Type I reactions. Energy transfer between the
triplet state of the photosensitizer and molecular oxygen in Type II reactions gener-
ates singlet oxygen, which is thought to be the primary mediator of tissue damage in
PDT (3). As the reactive distance of singlet oxygen is 0.01–0.02 mm, cytotoxic effects
are precisely targeted (4).

The exact determinants of photosensitizer localization to both tumors and
choroidal neovascular membranes are still under investigation. However, one factor
is the ‘‘enhanced permeability and retention effect’’ resulting from certain anatomic
characteristics of these target tissues (3). The compromised endothelial cell barrier in
the neovasculature of tumors and in the subretinal space enables macromolecules
such as photosensitizing compounds to reach the perivascular space by simple diffu-
sion. These molecules then accumulate in such spaces because of the poorly devel-
oped lymphatic drainage in these target tissues. Other considerations include the
interaction of various photosensitizer formulations with serum proteins involved
in their transport. Liposomes may transfer drug to low-density lipoproteins (LDLs)
in serum which, in turn, can serve as selective carriers (5). Proliferating endothelial
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cells and various tumor cells express increased numbers of LDL receptors related to
the demand for cholesterol, which is required for cell membrane synthesis (6–8). Thus,
photosensitizer associated with LDL may be preferentially delivered to choroidal
neovascularization (CNV) or tumors.

Early investigations with photosensitizers were based on the observation that
porphyrins localized in tumors and focused on tumor detection using hematopor-
phyrin (9). This work then led to the purification of a hematoporphyrin derivative
with enhanced affinity for tumor tissue. Subsequent drug development has resulted
in a class of molecules, including newer porphyrin derivatives, phthalocyanins, chlor-
ins, and texaphyrins with high selectivity for diseased tissues, absorption peaks at
longer wavelengths enabling higher light penetration of tissues, and faster clearance
resulting in less cutaneous photosensitization. However, the hydrophobicity of most
of these agents poses a challenge for intravenous administration and requires special
formulations such as liposomes, oil-dispersions, or nanoparticles for effective deliv-
ery. The texaphyrins are water-soluble and do not necessitate such delivery systems.

Although several photosensitizers have been investigated for ocular applica-
tions, the only one approved for clinical use in ocular disease is verteporfin, a lipo-
somal preparation of a second-generation porphyrin, benzoporphyrin derivative
monoacid (BPD). BPD is lipophilic, and must be dissolved in an organic solvent
such as dimethyl sulfoxide (DMSO) or prepared in a liposomal formulation for
intravenous use. It has an absorption maximum near 690 nm and is cleared rapidly
from the body. Allison and co-workers demonstrated its effectiveness as a photosen-
sitizing agent in vitro and in vivo (10–14). The first ocular PDT experiments using
BPD were carried out in a rabbit model of choroidal melanoma by Schmidt-Erfuth
et al. (15) working under the direction of Gragoudas. They were able to induce com-
plete necrosis of tumors, using 2mg/kg of BPD dissolved in DMSO and complexed
to LDL when irradiation was performed three hours after BPD injection. They
applied 692 nm light with an irradiance of 150mW/cm2 and a fluence of 100 J/
cm2. Complications included transient vitritis and a self-limited exudative retinal
detachment in 50% of treated eyes, which largely resolved within 48 hours.

PRECLINICAL STUDIES OF VERTEPORFIN FOR EXPERIMENTAL CNV

Based on the finding that vascular damage was a prominent feature after PDT with
verteporfin, a series of experiments was designed to evaluate the effect of PDT on
normal choroidal vessels in the rabbit eye (16). Closure of choriocapillaris and some
large choroidal vessels was achieved using BPD in DMSO at a dose of 2mg/kg, with
light doses of 10, 50 or 100 J/cm2, irradiance of 100mW/cm2, and irradiation within
30 minutes or at three hours. Damage to the retinal pigment epithelium (RPE) and
photoreceptors was observed in all cases, but less toxicity to these structures was
observed with the lowest light dose combined with the longer delay prior to irradiation.

After demonstrating that it was possible to close choriocapillaris with PDT
using BPD, Miller and Gragoudas next investigated the ability of PDT to achieve
selective occlusion of CNV without damaging retinal vessels, large choroidal vessels,
or neurosensory retina. Using the well-characterized laser-injury model of CNV in
the monkey, they reported both angiographic and histologic closure of CNV after
PDT. The first CNV studies were performed with BPD dissolved in DMSO and
mixed with LDL as liposomal BPD (verteporfin) was not available for preclinical
studies. Initial treatment parameters included a drug dose of 1 and 2mg/kg, fluence
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of 50, 75, 100 and 150 J/cm2 and irradiance of 150mW/cm2 (17). By 24 hours after
PDT, angiography demonstrated early hypofluorescence in the area of treatment,
indicating occlusion of the CNV, with late staining beginning at the edge of the treat-
ment spot. Staining of retinal vessels was sometimes observed, particularly when irra-
diation was performed early (within five minutes of BPD injection). Histology at 24
hours after PDT showed necrotic or absent endothelium in the CNV, with accumula-
tion of fibrin, platelets, neutrophils and red blood cells. The choriocapillaris was simi-
larly injured, with necrotic or absent endothelium and visible thrombi. Findings also
included necrotic RPE and some pyknosis of the outer nuclear layer (ONL). The
lower drug dose of 1mg/kg caused less injury to surrounding structures than
2mg/kg, and irradiation >5 minutes after drug injection appeared to avoid damage
to retinal and larger choroidal vessels. Decreasing the drug dose from 2 to 1mg/kg
resulted in an increase in the fluence necessary to close CNV from 50 to 100 J/cm2.

The irradiance of 150mW/cm2 was chosen for the initial studies because PDT
had typically been performed at irradiances of �200mW/cm2, to avoid thermal
effect and potential pain during treatment (18,19). However, irradiances at these levels
led to treatment times over 10–15 minutes, which seemed impractical for ophthalmic
clinical practice (17). Therefore, PDT using BPD was applied to normal primate
eyes with irradiances of 150–1800mW/cm2, looking for denaturation of collagen
fibrils by electron microscopy as an indicator of thermal injury (20). These studies
demonstrated no evidence of denaturation at irradiances as high as 1800mW/cm2,
although some damage to choroidal vessels was noted at 1200mW/cm2. PDT of
CNV using irradiances of 300 and 600mW/cm2 was effective, and PDT of normal
eyes at 600mW/cm2 confirmed selectivity (17,21). Subsequently, investigations of
PDT for age-related macular degeneration using other photosensitizers have
adopted 600mW/cm2 as the standard irradiance parameter (22). It is possible that
the mild hyperthermia that may be produced with higher irradiances could act
synergistically with PDT to potentiate cell killing (23).

Additional studies later refined the dosimetry using verteporfin, the liposomal
formulation of BPD that would be used in clinical practice (21). A series of experi-
ments was designed to use verteporfin PDT in experimental CNV, modifying drug
dose and timing of irradiation with fluence and irradiance fixed at 150 J/cm2 and
600mW/cm2, respectively. Verteporfin was tested at doses of 0.25, 0.375, 0.5, and
1mg/kg with irradiation performed between 5 and 120 minutes after drug admini-
stration. Effective CNV closure was achieved at all tested drug doses, based on
angiographic assessment one day after PDT (Fig. 1). As the drug dose was reduced,
the effective time window for irradiation was shortened. At these light doses, a mini-
mum threshold was reached at a drug dose of 0.25mg/kg, with effective closure
occurring only when irradiation was performed within 20 minutes of injection.

As the thermal laser injury used to create experimental CNV necessarily
showed damage to the outer retina, the selectivity of PDT was investigated in normal
eyes (21). The level of acceptable damage was defined as pyknosis of the ONL of
�50%, mild disruption of the outer segments, choriocapillaris occlusion, and RPE
necrosis. The closure of the choriocapillaris in normal choroid followed a similar
pattern as the closure of CNV, in terms of drug and light dose and timing of irradia-
tion (Fig. 2). As with closure of CNV, 0.25mg/kg seemed to be the threshold dose
for closure of choriocapillaris, achieved with almost no effect on the overlying retina.
When PDT was performed using higher drug doses of 0.5 and 0.375mg/kg, retinal
structure remained well preserved. However, the RPE was affected at all doses, and
there was also mild damage to photoreceptor inner and outer segments, ranging
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Figure 1 Photodynamic therapy (PDT) of experimental choroidal neovascularization (CNV).
(A) Fundus photograph of CNV prior to PDT. (B, C) Fluorescein angiogram (shown here in
gray scale) of CNV prior to PDT showing (B) early hyperfluorescence and (C) late leakage
from areas of CNV. (D) Fundus photograph 24 hours after PDT showing mild retinal whiten-
ing in the treated areas. (E, F) Fluorescein angiogram (shown here in gray scale)
24 hours after PDT. Lesions were irradiated after administration of 0.5mg/kg verteporfin
using 150 J/cm2 and 600mW/cm2. Lesion 1 was irradiated 10 minutes following dye injection;
lesion 2 at 20 minutes, lesion 3 at 30 minutes, and lesion 4 at 50 minutes. Lesions 1, 2, and 3
show early hypofluorescence in the treated area while lesion 4 (E) demonstrates only a rim of
hypofluorescence. (F) All treated lesions show staining in the later frame, which characteri-
stically developed from the edge of the lesions. Source: From Ref. 21.
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from minimal swelling to more pronounced vacuolization and disarray. The lower
drug dosages resulted in more selective closure of the choriocapillaris with minimal
damage to the adjacent tissues. Irradiation within 10 minutes of verteporfin admin-
istration at a variety of doses caused damage of retinal vessels and was deemed un-
acceptable. Using a verteporfin dose of 0.375mg/kg, irradiation at 20 minutes or
longer after drug administration led to consistent closure of choriocapillaris with
RPE necrosis, pyknosis in the ONL of �50%, and no damage to retinal or large
choroidal vessels. Based on the data for closure of experimental CNV combined with
the effects on normal retina and choroid, optimal treatment parameters appeared to
be verteporfin 0.375mg/kg (approximately 6mg/m2), 150 J/cm2, 600mW/cm2, and
irradiation between 20 and 50 minutes after administration of verteporfin.
Longer-term studies demonstrated persistent closure of CNV (up to four weeks) in

Figure 2 Effect of photodynamic therapy (PDT) on normal monkey retina and choroid.
Lesions were irradiated after intravenous administration of 0.375mg/kg verteporfin using
150 J/cm2 and 600mW/cm2. Lesion 1 was irradiated 10 minutes after dye injection; lesion 2
at 20 minutes, lesion 3 at 30 minutes, and lesion 4 at 40 minutes. (A) Fundus photograph
24 hours after PDT of normal retina and choroid demonstrating mild deep retinal whitening
in irradiated areas. (B) Fluorescein angiogram (shown here in gray scale) revealing early hypo-
fluorescence in irradiated areas. (C) Light micrograph of retina and choroid 24 hours following
PDT. The lesion shown was irradiated 20 minutes following dye injection. There is complete clo-
sure of the choriocapillaris and damage to the RPE (Bruch’s membrane ¼ small arrow). The
outer retinal shows swelling with some pyknosis of outer nuclear layer nuclei (arrow heads).
There is mild swelling and minimal pyknosis in the inner retina. Bar ¼ 25mm. Abbreviation:
RPE, retinal pigment epithelium. Source: From Ref. 21.
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eyes that had been treated with these parameters, and histopathology demonstrated a
fibrous scar covered by proliferating RPE, with few open capillaries (Fig. 3). The
damage noted acutely to the RPE and choriocapillaris appeared to recover by four
to seven weeks after treatment (Fig. 4) (24).

While all ocular preclinical studies of verteporfin PDT were conducted using
bolus injections of verteporfin, the clinical trials of verteporfin in dermatology were
performed using a 30-minute intravenous infusion. Although no systemic effects had
been noted in the animals studied, experiments were performed to evaluate the effi-
cacy of an intravenous infusion given concerns regarding rapid administration of a
liposomal preparation (25). An infusion of liposomal verteporfin was administered
over 10 minutes (fast infusion) or 32 minutes (slow infusion). The light doses were
kept constant at 150 J/cm2 and 600mW/cm2. All CNV were occluded angiographi-
cally after PDT when irradiation was performed within 45 minutes of the start of
drug infusion, falling off to 50% closure when irradiation was performed between
55 and 75 minutes, after which PDT became ineffective in CNV closure. The infusion
studies suggested that effective CNV closure could be achieved if irradiation was per-
formed within 55 minutes of the start of drug administration, but the earliest safe
time for irradiation was not identified in these studies.

Figure 3 Light micrograph of experimental CNV four weeks after PDT. A layer of proli-
ferated RPE (arrow) surrounds the CNV (C) with pigment-laden cells overlying the RPE.
The outer nuclear layer, photoreceptor inner segments, and a few rudimentary outer segments
remain in the area of CNV. The CNV extends through Bruch’s membrane (arrow head) and
contains few capillaries. The spaces seen are acinar structures in RPE cells. Bar¼ 50 mm.
Abbreviations: PDT, photodynamic therapy; RPE, retinal pigment epithelium; CNV, choroi-
dal neovascularization. Source: From Ref. 24.
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Data from early clinical trials of verteporfin PDT for CNV indicated that CNV
reperfused and retreatments would be required. Therefore, the recovery of normal ocu-
lar structures following multiple PDT treatments of monkey eyes was evaluated (26).
Three sequential PDT treatments were performed in the same area of normal retina
and choroid at two-week intervals. Three doses of liposomal BPD were studied (6, 12,
and 18mg/m2) with the light doses kept constant (689 nm, 600mW/cm2, 100 J/cm2).
Histopathologic examination was performed at two and six weeks after the third treat-
ment. Minimal damage was seen in the group treated at 6mg/m2, with recovery com-
parable to the single treatment at 0.375mg/kg (approximately 6mg/m2). However, the
higher drug doses induced significant cumulative damage to normal retina, choroid
and optic nerve, emphasizing that selectivity of PDT with verteporfin is only relative.

In summary, preclinical studies demonstrated that the treatment of CNV with
verteporfin PDT was relatively selective, resulting in some reversible damage to chor-
iocapillaris and RPE but minimal effect on photoreceptors. Inner retina as well as ret-
inal and choroidal vessels could be preserved. Intravenous injection of the verteporfin
performed rapidly in bolus fashion or in slower infusions proved equally effective.
Higher irradiances were tested and found to be safe and effective, making the

Figure 4 (A) Light micrograph of normal monkey retina and choroid six weeks after PDT.
The inner segments appear normal, but the outer segments are shortened and distorted. The
RPE appears single-layered and hypopigmented. There are pigment-layered cells overlying the
RPE. The choriocapillaris and choroid are patent. Bar ¼ 50mm. (B) Transmission electron
micrograph of normal retina and choroid four weeks after PDT. A pigment-laden cell (M) lies
among disorganized outer segments. The RPE is lightly pigmented, has elongated microvilli
and rudimentary basal infolding, and contains several lysosomes with outer segment material
(arrows). The choriocapillaris appears reperfused with reduplication of basement membrane
(arrow head). Bar¼ 5 mm. Abbreviations: PDT, photodynamic therapy; RPE, retinal pigment
epithelium. Source: From Ref. 24.
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treatment more practical. Additionally, it was noted that treatment effects were more
sensitive to small changes in drug dose than changes in light doses and that decreasing
drug doses shortened the effective time window for light application. Drug, light, and
timing parameters were identified that appeared optimal for subsequent clinical study.
Finally, longer-term studies and analysis of repeated treatments indicated that the
effect on normal structures recovered over time within a range of drug and light doses.

OTHER PHOTOSENSITIZERS

While verteporfin has been the most extensively characterized photosensitizer for use
in ocular applications, other drugs have also been evaluated in animal models and to
some extent in clinical trials. Tin ethyl purpurin (SnET2) is a hydrophobic compound
prepared in a lipid emulsion and is transported by low-density lipoprotein (LDL)
and high density lipoprotein (HDL) in plasma (27). Occlusion of choriocapillaris
was achieved with PDT using SnET2 in eyes of pigmented rabbits at light doses as
low as 5 J/cm2 and a drug dose of 0.5mg/kg (28). Light was applied 15–45 minutes
following intravenous injection of SnET2, using 664 nm at a fluence of 300mW/cm2.
Retinal pigment epithelial and outer photorecepter damage was observed. Similar
studies with SnET2 in a monkey model of CNV demonstrated closure of neovas-
cularization using a drug dose of 1mg/kg and 664 nm light at an irradiance of
600mW/cm2 and fluences between 35 and 70 J/cm2 (22). Selectivity of SnET2 PDT
in this model was not analyzed.

Lutetium texaphyrin (Lu-tex) is a water-soluble, porphyrin-related molecule
which has been studied as a photosensitizer in experimental models of atherosclerosis
and various tumors (29). In vitro work in our laboratory revealed preferential uptake
of Lu-Tex by bovine capillary endothelial cells when compared with retinal pigment
epithelial cells, suggesting the possibility of increased selectivity (R. Z. Renno
and J. W. Miller, unpublished data). When Lu-Tex PDT was applied to the monkey
model of experimental CNV, closure of the neovascular membranes was achieved at
doses of 1–2mg/kg with irradiation 10–40 minutes after injection using 732 nm light
at 50–100 J/cm2 (30). Limited toxicity to retinal and choroidal structures, similar to
that seen with verteporfin was observed.

ATX-S10 is a water-soluble chlorin that has been studied in experimental mod-
els of CNV in both rats and primates. Initial studies in rats demonstrated effective
and relatively selective occlusion of laser-induced CNV using 16mg/kg ATX-S10
followed by 670 nm irradiation immediately after dye injection at a fluence of
7.4 J/cm2 or two to four hours later at 22.0 J/cm2 (31). Subsequent angiography
using 16mg/kg ATX-S10 in rats demonstrated maximum localization of the photo-
sensitizer to CNV at 1.5 hours after injection and irradiation with 22.0 J/cm2 at this
time resulted in effective closure of CNV (32). Histologic evaluation of normal eyes
treated with the same parameters showed some damage to photoreceptor outer seg-
ments and pigment-laden cells overlying the RPE, but good overall preservation of
retinal and choroidal structures. Angiography studies in monkeys have revealed
preferential accumulation of ATX-S10 in CNV 30 minutes after injection and
several effective treatment regimens have been identified: (1) 30–74 J/cm2 applied
at 30–74 minutes after 8mg/kg injection of ATX-S10, (2) 1–29 J/cm2 at 30–74
minutes after 12mg/kg, or (3) 30–74 J/cm2 at 75–150 minutes after 12mg/kg (33).

Preclinical studies using another chlorin, mono-L-aspartyl chlorin e6 (NPe6)
have been conducted in rabbits and monkeys (34). PDT using Npe6 was performed
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in the monkey model of laser-induced CNV with dye doses ranging from 0.5 to
10mg/kg and fluences from 7.5 to 225.0 J/cm2 (35). While successful occlusion
was obtained at all dye doses, optimal parameters were judged to involve treatment
5–30 minutes following dye injection with dye doses of either 0.5 or 1.0mg/kg.
Higher fluences were required with the lower photosensitizer dose and with increas-
ing time between injection and irradiance. Histologic analysis seven days after
treatment revealed numerous vacuoles in the cytoplasm of RPE cells, but the neuro-
sensory retina remained intact.

The phthalocynanin, AlPcS4 or CASPc, has also been shown to be an effective
agent in PDT of experimental CNV in monkeys (36). Complete closure of CNV was
achieved using a dose of 3mg/kg and irradiation with 675nm light at 34 J/cm2 and
283mW/cm2 applied 30 minutes after drug administration. This photosensitizer has
also been used in studies of laser-targeted photoocclusion in rats (see Chapter 10) (37).
The drug encapsulated in heat-sensitive liposomes was locally released using an argon
laser at 5.7 W/cm2 after intravenous administration. The released photosensitizer was
then activated with 675nm light at 270mW/cm2. Choriocapillaris remained occluded
for a 30-day follow-up period while larger choroidal vessels and retinal vessels were
unaffected. Preliminary histologic evaluation revealed no damage to RPE.

FUTURE DIRECTIONS

The successful treatment of experimental CNV with verteporfin PDT led to a series of
randomized clinical trials which demonstrated a visual benefit of verteporfin PDT for
patients with subfoveal CNV. However, this benefit is achieved with multiple retreat-
ments and the rate of vision loss is still substantial. A recent report from the
Verteporfin in Photodynamic Therapy group showed that 29% of patients who
received PDT for occult subfoveal CNV lost six or more lines of vision after two years
and 55% of these patients lost three or more lines of vision (38). Similarly, the TAP
Extension Study found that 37.5% of patients with predominantly classic CNV who
were treated with verteporfin PDT lost three ormore lines of vision after two years (39).

Strategies for improving the treatment of ocular neovascular disorders include
optimizing PDT, developing anti-angiogenic agents, and combining PDT with anti-
angiogenic therapy. We have demonstrated a synergistic effect on bovine capillary
endothelial cells with the combination of angiostatin and PDT using both Lu-tex
and verteporfin (40). This effect was also confirmed in vivo in a rat model of
CNV (41). We have also investigated the effect of inhibition of vascular endothelial
growth factor (VEGF) in conjunction with PDT in experimental CNV.

Ranibizumab (1) rhufab V2 is a recombinant humanized monoclonal antibody
fragment against VEGF developed by Genentech. Intravitreal administration of rani-
bizumab has been shown to inhibit experimental CNV in the monkey (42). Further
work from our laboratory in the same model has shown that the combination of verte-
porfin PDT and intravitreal ranibizumab is safe andmay result in a greater reduction in
angiographic leakage than PDT alone (43). Clinical trials using ranibizumab for neo-
vascular AMD are ongoing. Another anti-VEGF agent, pegaptanib, an anti-VEGF
aptamer produced by Eyetech Pharmaceuticals, is also currently in clinical trials for
neovascular AMD, both alone and in combination with PDT, and triamcinoolone
acetonide has also been recently combined with PDT in clinical trials (see Chapter 16).

Improved treatment outcomes may also be achieved by enhancing the selectivity
of PDT. Increasing the specificity of drug delivery is a key component to advancing
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PDT as a therapeutic modality. Antibody-based targeting is one method currently
under investigation. In vitro studies using various tumor cell lines have shown that
photosensitizers conjugated to monoclonal antibodies can achieve a higher photo-
toxic effect at lower doses than with drug or antibody alone (44,45). In vivo work
in a mouse rhabomyosarcoma model yielded similar results (46).

While direct attachment of photosensitizing drugs to monoclonal antibodies is
possible, the number of molecules that can be bound to one antibody is limited due
to loss of or alterations in antigenic specificity. The use of spacers such as dextran,
polyglutamic acid, or polyvinyl alcohol (PVA) has been proposed to address these
issues (47). This method of conjugation allows high molar ratios of drug to anti-
body while conferring water-solubility to the final compound. Jiang et al. (44)
linked BPD to 5E8, a monoclonal antibody against a cell-surface glycoprotein,
using PVA and demonstrated 15-fold higher phototoxicity with the conjugate than
with BPD alone.

For current ocular applications, the intended target for photosensitizer delivery
is the neovascular endothelium. One strategy is to bind the photosensitizer to a mole-
cule directed at binding sites on the CNV endothelium, such as VEGF receptors or
integrins. Work in our laboratory focused on a peptide ATWLPPR, which has been
shown to bind specifically to the VEGFR2 receptor also known as KDR or FLK-1.
This peptide completely inhibits VEGF binding to VEGFR2 (48). We produced a
targeted photosensitizer by binding verteporfin to a PVA linker and then to the hom-
ing peptide ATWLPPR (49). For controls we used verteporfin–PVA, which is a large
but untargeted molecule, and also commercially available verteporfin. In vivo experi-
ments were carried out in the laser-injury model of CNV in the rat for which
dosimetry for verteporfin PDT has been optimized (50).

We found that PDT using both targeted verteporfin and verteporfin–PVA were
effective in CNV closure. One day following treatment with targeted verteporfin,
fluorescein angiography demonstrated no perfusion or leakage from CNV.
Both large molecules were more efficient than unbound verteporfin in achieving
CNV closure. PDT was also performed to normal retina and choroid to assess selec-
tivity. No angiographic changes were seen 1 day after PDT using VEGFR2-targeted
PDT. Histologically, the eye treated with VEGFR2-targeted verteporfin showed pre-
served retina and very minimal changes to RPE. In contrast, treatment of normal
retina and choroid using the verteporfin–PVA control showed hyperfluorescence
on angiography and retinal damage on light microscopy.

In addition to tissue-specific targeting, increasing knowledge regarding the
importance of the subcellular localization of photosensitizers has raised the potential
for intracellular drug targeting. There is evidence that PDT using drugs such as BPD
which localize in mitochondria results in a rapid release of cytochrome c into the
cytosol which initiates the apoptotic cascade (51). Photosensitizers, such as NPe6,
which localize to lysosomes can induce apoptosis or necrosis, and those which accu-
mulate in the plasma membrane can activate pathways that either lead to cell rescue
or cell death (51,52). Some have suggested that targeting drug to the cell nucleus,
which is particularly sensitive to damage from reactive oxygen species, could increase
the efficiency of PDT (53). A better understanding of the cellular mechanisms
involved in the response to PDT will allow for identification of specific intracellular
targets for photosensitizer delivery as well as combination therapies directed toward
modulation of signaling pathways such as those leading to apoptosis. Such advances
in the delivery and design of drugs used in PDT hold the promise of better visual
outcomes for a greater number of patients.
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INTRODUCTION

Liposomes are microscopic lipid bubbles designed to entrap drugs. They have been
used locally as well as systemically for targeting of drugs to specific organs or for
prolonging drug effect. The encapsulation of drugs in liposomes has been shown to
reduce the toxicity, provide solubility in plasma, and enhance permeability through
tissue barriers. Some applications related to cancer and infectious diseases have
reached clinical use, while others are currently in Phase I–III human clinical trials.

A method has been developed to target drugs locally in the eye via a light-
based mechanism. The method, called laser-targeted delivery (LTD) (1–3), consists
of encapsulating a drug in heat-sensitive liposomes, injecting them intravenously,
and releasing their content at the site of choice by noninvasively warming up
the targeted tissue with a laser pulse directed through the pupil of the eye.
The specific temperature needed for the phase transition is 41�C (105.8�F),
which causes the liposomes to release their contents in the blood in <0.1 second.
LTD can be conceptualized as a noninvasive ‘‘catheterization’’ of a specific micro-
vasculature. Similar to cardiac catheterization, LTD provides the means for local
delivery of an agent.

Laser-targeted delivery benefits from the basic advantages of liposomal deli-
very. By virtue of being encapsulated, the drug is confined to the liposomes, thereby
reducing exposure of nontargeted organs. In addition, agents with a short half-life
in plasma (anti-angiogenic factors, neuroprotective agents, anti-inflammatory com-
pounds, etc.) are shielded from the blood components and can reach their target
in their original form. LTD also possesses certain unique advantages, such as a
well-defined thermal mechanism and a predetermined temperature to release the
liposomal contents. This is in contrast to the targeting approaches which depend
on complex cell surface interactions that may be altered in human diseases.

The current methods of drug administration to the retina and choroid are
based on topical, periorbital, intravitreal, and systemic administrations. The first
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two methods are hampered by relatively low penetration, the second and the third by
their invasive nature, and the last by exposure of the whole body to the drug. The
difficulty of drug targeting is one of the major reasons for the paucity of pharmaco-
logical therapies available for the management of retinal and choroidal diseases. This
review concentrates on the potential applications of LTD in therapy and diagnosis of
ocular diseases.

METHODOLOGY OF LASER-TARGETED DRUG DELIVERY

Principle of Laser-Targeted Drug Delivery

The principle of LTD is illustrated in Figure 1 in its application for the diagnosis and
therapy of choroidal neovascularization (CNV) in age-related macular degeneration
(AMD). Following an intravenous injection, liposomes circulate in the blood stream.
During LTD, an infrared laser beam irradiates the CNV and its surrounding tissues
and is absorbed by blood in the CNV and the choriocapillaris, as well as by pigment in
the retinal pigment epithelium (RPE) and choroid. The liposomes are consequently

Figure 1 Principle of LTD. Schematic representation of heat and dye distribution during
laser-targeted drug delivery following a laser pulse in an eye with CNV. The energy deposited
in the tissues causes heating, as illustrated by the oval. The bolus of dye released in the CNV
vessels is retained longer than that in the choriocapillaris because of slower flow within the
CNV. The CNV and the tissues in its immediate vicinity reach the releasing temperature of
the liposomes, but the retinal vessels do not. Abbreviations: LTD, laser-targeted delivery;
CNV, choroidal neovascularization. Source: From Ref. 4, Figure 1.
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warmed up most efficiently in these anatomic locations. These tissues are thus the
first to reach the temperature necessary to cause phase transition in the circulating
liposomes (41�C), resulting in release of their content. After 200msec, the laser beam
used for release is turned off, and the tissues rapidly cool secondary to rapid flow of
blood, which stops further release of active agent from the liposomes. For a heated
area 800 mm in diameter, the retinal temperature rise is only 2.8�C at a distance of
150 mm from the RPE, where the outermost retinal capillaries are located. Thus, lipo-
somes circulating in the retinal vessels do not get warmed up by the required 4�C,
and thus do not release their content within the retina. A few milliseconds after
the release of the agents from the liposomes, the active substances are cleared from
normal blood vessels, but they persist within the CNV due to its slow circulation
(described in detail in a later section). If the active agent is a photosensitizer, its
activation a few milliseconds later by a sensitizing wavelength causes closure only
primarily in the CNV.

Liposome Preparation

The lipids typically are dipalmitoylphosphatidylphosphocholine (DPPC) and di-
palmitoylphosphatidylglycerol (DPPG). In more recent experiments, distearoyl-
phosphoethanolamine methoxypolyethyleneglycol 2000 (DSPE-MPEG) has been
added to increase the circulation time by reducing the removal of liposomes through
the reticuloendothelial system (5). The preparation followed the method of Hope
et al. (6). Briefly, it consists of drying the lipids previously dissolved in methylene
chloride and ethanol to a film by rotary evaporation under vacuum. A solution of
the agent to be encapsulated is added, and the preparation is subjected to five cycles
of rapid freezing at �20�C and thawing at 55�C. This is followed by repeated forced
filtration through a stack of two 0.2-mm polycarbonate filters placed in a thermobarrel
extruder. This yields large, unilamellar vesicles with relatively homogenous size of
120 nm. To remove the unencapsulated dye, the preparation is dialyzed against Ringer’s
lactate through a molecular porous membrane or filtered through a gel column.

Temperature Profile

Liposomes containing fluorescent dye (6-carboxyfluorescein, CF) were prepared.
The temperature profile was studied by measuring the concentration of the free
(unencapsulated) CF as the liposomes were incubated at various temperatures for
10minutes in Ringer’s lactate solution plus 1% human serum. Due to self-quenching
at high concentrations, CF encapsulated in the liposomes does not contribute to the
fluorescence of the sample. This permitted the assessment of the free CF concentra-
tion with a fluorophotometer without having to separate the supernatant from the
liposomes. Complete release was defined as the fluorescence intensity after the disso-
lution of the liposomes with a detergent (TritonX 100). The free dose fraction was
found to be 2% at room temperature, 5% at body temperature (37�C), and 83% at
41�C. This indicates that a sharp transition can be achieved in vitro at the intended
temperature, yielding a 17-fold increase of free dye after release from the liposomes.

Pharmacokinetics

The pharmacokinetic behavior of the liposomes was studied in vivo. Five rats were
injected with dye encapsulated in liposomes, and blood samples were collected every
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10minutes. The concentration of free dye was assessed after filtration, and the total
concentration was measured after lysis with detergent and warming. The results,
shown in Figure 2, indicate that the intact liposomes are cleared slowly from the
blood, and 75% of the dose remained encapsulated at 60minutes. Figure 2 also indi-
cates that the encapsulated dose remained 20-fold higher than the dose of the free
dye. Thus, during LTD, a 20-fold increase in dye concentration occurs at the
targeted location.

Instrumentation for Laser Delivery and Visualization

A fundus camera was modified to provide video angiograms and to deliver one laser
beam used to release the content of the liposomes and another laser beam to activate
the photosensitizer. The first laser was also used to illuminate the fundus. The output
of the charge-coupled device (CCD) camera was fed into a video image enhancer and
recorded on magnetic tapes with a high-frequency video recorder. Later, the tape
was played back, and video sequences were digitized with a frame grabber for
subsequent analysis.

An argon laser (filtered to deliver only at 488 nm) was used to release the lipo-
somes’ content for purposes of angiography. The power of the laser was increased
gradually until a bright fluorescent bolus was observed. Typically, this was achieved
with a power of 16mW applied on a 600-mm spot for a duration of 200msec. In the
case of photo-occlusion (described later), a diode laser emitting at 675 nm was used
to activate the photosensitizer. The delivery of both laser beams was controlled by
shutters activated by a computer.

The instrument has been developed further to be applicable in Phase I and II
clinical trials. The optics have been specifically designed to yield a compact optical
head. The illumination for angiography is provided by light-emitting diodes, and
the lasers for release and activation consist of diode lasers incorporated into the

Figure 2 Pharmacokinetics of dye-encapsulated liposomes. The pharmacokinetics is illu-
strated by liposomes containing a fluorescent dye. The concentration in the blood is repre-
sented by the fluorescence of the sample. The upper curve represents the total concentration
(encapsulated and free) in the blood, while the lower one is for the free, unencapsulated
dye. Note the slow decay of the liposomes and the relatively small fraction of free dye in
the blood. Source: From Ref. 7, Figure 2.
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optical head. The imaging sensor is a digital CCD with enhanced resolution.
The operation of the instrument, the acquisition and recording of images, and the
processing are all computerized. These improvements make the operation similar
to that of current digital cameras and thus well suited for clinical studies.

POTENTIAL THERAPEUTIC APPLICATIONS OF LTD

Laser-Targeted Photo-Occlusion

CNV accounts for the majority of legally blind eyes with AMD (8). The efficacy of
thermal photocoagulation is very limited, as it is applicable only to a minority of
cases; the recurrence rate is high; and it causes permanent damage to the adjacent neu-
rosensory retina, RPE and normal choriocapillaris. Photodynamic therapy (PDT)
has been recently introduced to treat CNV. It consists of injecting intravenously a
light-sensitive agent (a photosensitizer) that damages and occludes CNV when
exposed to light at an appropriate wavelength. The Treatment of Age-related Macu-
lar Degeneration with Photodynamic Therapy (TAP) study group has demonstrated
the benefit of this therapy for a well-defined category of CNV (9). Unfortunately, this
category is present in a minority of cases. PDT therapy is currently limited by the need
for repeated treatments and by the collateral damage to normal tissues, such as chor-
oidal vessels and the RPE, that are essential to preservation of vision. It has also been
postulated that the transient choroidal hypoperfusion and consequent ischemia may
represent an angiogenic stimulus for the recurrence and progression of CNV follow-
ing PDT (10–13). A well-conducted histological study demonstrated that thrombosis
following PDT was incomplete in about half of the treated eyes (12). Additionally,
regrowth of occluded vessels began as soon as one week after PDT (10).

The limitations of PDT are possibly the result of needing to keep the dose of
the photosensitizer and the irradiating light low enough to avoid collateral damage.
The low dose is most likely sufficient to cause thrombus formation but insufficient to
achieve the desired effect of vascular wall damage. Such an occlusion may thus be
temporary, due to dissolution of the clot and vessel re-canalization.

Additionally, the inherent nature of the disease, which allows leakage of the
photosensitizer into adjacent tissues, results in their damage as well. Laser-targeted
photo-occlusion (LTO) delivers a photosensitizer specifically to CNV by releasing a
bolus of the photosensitizer only in the vasculature and in the vicinity surrounding
the CNV, limiting its presence to the lumen. Studies have demonstrated that CNVs
are perfused with slower flow than in the normal choriocapillaris (4,14). The activa-
tion is therefore delayed until the photosensitizer has cleared from the normal vas-
culature. These unique features aid in specific targeting of the treatment to the CNV.

Extensive experiments in nonhuman primates, rabbits, rats, and dogs have
demonstrated that LTO possesses the following additional features:

1. By irradiating with the activating infra-red beam immediately following the
release, the damage can be limited to the vessels that contain the photosen-
sitizer, thus avoiding accumulation of the photosensitizing agent in the
interstitial tissues and their subsequent damage upon irradiation (15).

2. The average washout time of dye from the normal choriocapillaris was
0.9 second (average of 93 locations of eight rats) (14). Thus, during LTO,
the diode laser (photosensitizing laser wavelength) was activated 1 second
after the argon laser pulse and bolus release, thereby ensuring clearance
of most of the photosensitizer from normal choriocapillaris. This permits

Thermal-Sensitive Liposomes 147



delivery of a high amount of energy to activate the photosensitizer in the
CNV, while sparing the normal choriocapillaris.

3. LTOhas been shown to be relatively free of damage to the normal vessels and
to the RPE (16,17). CNV lesions were created in a rat model, some of which
were treated with LTO and some left untreated. Light and electron micro-
scopy showed that three of four untreated CNVs had more than one lumen
open and no occlusion, and that one CNV had spontaneously occluded ves-
sels (18). Microscopic examination of eight LTO-treated CNVs showed six
with no CNV, one with partial occlusion and one without occlusion. LTO-
treated areas next to theCNVs showed normal photoreceptors,RPE,Bruch’s
membrane, and choriocapillaris (Fig. 3) (15). The preservation of the RPE
may be particularly important in AMD, because it is already abnormal
and may be more sensitive to additional injury. The intact nature of Bruch’s
membrane is also important in AMDbecause breaks are believed to be asso-
ciated with further proliferation of the CNV into the subretinal space.

4. LTO promises to offer effective treatment to both kinds of CNV (‘‘classic’’
as well as ‘‘occult’’), as action is based on the presence of photosensitizer in
the CNV at the time of irradiation. Large CNVs would also be amenable to
treatment for the same reason (4).

5. LTO shares the basic advantages of any other liposomal delivery system: it
protects most organs (they are not exposed to the agent, thereby reducing
systemic toxicity).

LTO could also be applied to retinal neovascularization which occurs in diseases
such as diabetes and sickle cell disease.Most of these new vessels which proliferate into
the preretinal space and vitreous can be made to regress by pan-retinal thermal
photocoagulation. However, in cases of persistent neovascularization, which results
in recurrent vitreous hemorrhage, LTO may potentially be used.

Laser-Targeted Drug Delivery to Retinal Tissues

Bacterial and fungal endophthalmitis, viral retinitis, toxoplasmosis, uveitis and
other inflammatory disorders are among the posterior segment diseases amenable

Figure 3 Histopathology of a region treated with laser-targeted photo-occlusion. Electron
microscopy of a region immediately adjacent to an area treated with laser-targeted photo-
occlusion resulting in occluded CNV. These sections are <50mm from the center of the
occluded CNV but within the area treated by LTO. Note the integrity of the RPE and its
nucleus (arrowheads) and Bruch’s membrane (white arrows) and the well perfused choriocapil-
laris (black arrows). Abbreviations: CNV, choroidal neovascularization; LTO, laser targeted
photo-occlusion; RPE, retinal pigment epithelium. Source: From Ref. 15, Figure 7.
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to drug treatment. Low amounts of drugs reach the retina and choroid after topical
applications, because drug penetration through the outer eye wall is relatively poor.
Intravitreal injections and implants can be used to raise drug concentration in the
retina and choroid, allowing for prolonged drug therapy; however, the dose of some
drugs is limited, because the entire retina is exposed. Conventional methods of sys-
temic drug administration are also restrictive, as side effects may arise because of
exposure of the whole body.

It has been previously shown that a bolus of dye can be released inside retinal
vessels using LTD. The amount of drug delivered to the surrounding retina is mini-
mal, because the bolus is cleared rapidly by the blood stream, and the blood–retinal
barrier prevents drug penetration. However, in many retinal diseases amenable to
drug therapy, the blood–retinal barrier is disrupted, and thus, targeted delivery to
the parenchymal retina may be possible. To test this hypothesis, moderate argon
laser pulses were applied to retinal vessels of Dutch belted rabbits to induce
breakdown of the blood–retinal barrier (19). Carboxyfluorescein encapsulated in
liposomes was released upstream of the damaged vascular segment, and angiograms
were recorded. The penetration of the marker into the parenchymal (perivascular)
retinal tissue was evaluated by comparing the intensity of the fluorescence in the area
around the damaged vessel to that of an adjacent control area. The results showed
that: the dye penetration increased with a greater breakdown of the blood–retinal
barrier (the penetration being restricted to those specific areas), and the dye gradu-
ally diffused far from the site of release. The possibility of targeting drugs in the
retina around vessels with a disrupted barrier is exciting, as it may open a unique
way of enhancing the therapeutic effect within diseased portions of the retina,
while minimizing side effects systemically and in remote, normal retinal (and other
intraocular) locations from potentially toxic agents.

Other Applications

Significant progress can be anticipated in the development of genetic material that
could be used in the treatment of retinal diseases. LTD could be of great value in
targeting genetic material to a given site. For example, management of neovascular-
ization based on blocking angiogenic agents (e.g., anti-VEGF antibodies) could be
more targeted and possibly more effective than the current intraviteral or systemic
approaches. Progress is being made toward the identification of growth factors spe-
cific to CNV. Once the growth factors and their receptors have been identified, new
treatments could be devised, based on competition or blockage of these factors and/
or their receptors. LTD could be a preferential delivery method in the eye because of
local targeting, shielding of other organs from the active agent, and prevention of
degradation or inactivation of the active agent by blood components.

DIAGNOSTIC APPLICATIONS

Angiography

Conventional fluorescein angiography has been a very useful clinical tool to assess
the ocular vasculature. However, it has a number of limitations. First, the dye
rapidly fills both the retinal and choroidal vessels; thus, the visualization of small
vascular beds, such as CNV, is often obscured by the lack of contrast caused by
the bright fluorescence emanating from the large volume of dye present in the
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underlying normal choroidal vessels. Second, visualization and detection of abnorm-
alities such as CNV are based on leakage of the dye or staining of vascular walls or
both. This method of detection may not be reliable, because, at certain stages of the
disease, the vessels may neither leak nor stain. Third, the excitation and fluorescence
may be diminished by subretinal blood, turbid fluid, pigment, or fibrous tissue,
thereby reducing the intensity of the angiographic image of the CNV (20,21).

Indocyanine green (ICG) is beneficial in some cases, because the excitation and
emission wavelengths of this dye are longer than those from fluorescein, and the light
penetrates turbid media better (22). However, the enhanced penetration of light in
ICG angiography permits large underlying choroidal vessels to be visualized more
effectively, masking details of adjacent smaller vascular structures. ICG angiography
also shares with fluorescein angiography the disadvantage of relying on leakage and
staining for diagnostic interpretation. The poor understanding of the staining and
pooling mechanisms of this dye has hampered the interpretation of ICG angiograms.

Laser-targeted angiography (LTA), which consists of laser-targeted drug deli-
very using carboxyfluorescein liposomes, has the potential of overcoming some of
the problems of conventional angiography because of the following advantages:

1. The local release of a fluorescent bolus permits the visualization of selected
vascular beds without interference from overlying or underlying beds.
LTA permits delivery of substances to the subretinal vasculature without
causing retinal exposure to the substance (23,24). Conversely, the retinal vas-
culature, if diseased, can also be specifically targeted (3,25). Visualization
of vessels in conditions somewhat similar to those present in AMD has
been demonstrated, as shown in Figure 4.

2. As the visualization is independent of staining and leakage, but rather
relies solely on the presence of a transient, brief bolus of flurorescein in
the lumen, the CNV can be visualized rather easily, as long as it is patent.

3. The short release of a bolus of dye, accompanied by rapid washout, ensures
that the dye will not accumulate outside the vessels and mask the CNV.

4. The bolus angiograms can be repeated for at least 45minutes, that is, as
long as the liposomes are circulating in the blood. This provides opportu-
nities to correct errors in alignment and to performangiography of both eyes.

5. The hemodynamics of the CNV, delineated by the progress of the bolus, may
allow identification of the vessels feeding the CNV. The dynamic nature of
LTA has been successfully exploited to measure hemodynamic parameters
of the macro- and microcirculation of the retina and of the choroid (3,23).
Identification of all the feeding vessels could allow the clinician to limit
thermal photocoagulation exclusively to these vessels and, if occlusion can
be achieved, large areas of normal retina could be spared, thus limiting
collateral damage and potentially preserving visual function.

LTA to Visualize the Retinal and Choroidal Vasculature

Our experiments in cynomolgus monkeys and baboons, and those of others have
indicated that LTA holds promise of becoming clinically useful to visualize capillary
abnormalities not seen otherwise and to identify local dye leakage (3,25,26). Differen-
tiation between retinal and subretinal leakage would be achieved, because the
dye can be released only in the retinal vasculature, and retinal leakage would be all
that is visualized.
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The choriocapillaris is a planar network of choroidal capillaries, presumably
providing cooling and nutrition to the external portions of the retina. A number
of pathologies are associated with abnormalities in the choriocapillaris, but its visua-
lization is impeded by the presence of overlying highly pigmented RPE cells and by
the background fluorescence of large underlying choroidal vessels. One potential
clinical application of LTA and LTO is the visualization and management of
CNV mentioned above.

Figure 4 Fluorescein angiography and LTA of an occult CNV in a rat model. The conven-
tional fluorescein angiograms, obtained at (A) 29 sec and (B) 3.5min after injection, reveal the
presence of a patchy fluorescent area that does not evolve over time and that provides no indi-
cation of CNV. In contrast, LTA (after release in the area marked by the circle) reveals a CNV
with its exact location. (C,D,E)A brightly fluorescent abnormal patternof vessels (CNV) (arrow-
head) and fluorescent patches (arrows) (obtained 50, 110 and 430msec, respectively, after the end
of dye release). These patches evolve rapidly into a lobular pattern characteristic of chorioca-
pillaris. (F) The fluorescent bolus clears from the normal choriocapillaris while remaining
in the CNV (image obtained after 1.2 sec). Abbreviations: LTA, laser-targeted angiography;
CNV, choroidal neovascularization. Source: From Ref. 16, Figure 3.
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Blood Flow

The measurement of retinal blood flow is important, as it provides insight into
retinal physiology and leads to better understanding of the onset and progression
of retinal vascular diseases that are common causes of vision loss.

The existing methods to evaluate retinal blood flow are limited to large vessels
or are subjective. The application of LTA to the measurement of blood flow was
demonstrated in rabbits and nonhuman primates (2,3,27). A number of parameters
relevant to hemodynamics were evaluated from the progression of the dye front in
the arteries, through the capillary bed and into the veins. Blood vessel diameters were
measured, a map of the blood flow in the macula was drawn, and the relationship
between flow and diameter in mother–daughter branches of blood vessels was found
to be consistent with Murray’s law (which predicts the optimum branching pattern
for a vascular bed) (3,28).

Local response of the primate retinal microcirculation to increased metabolic
demand was also studied (29). Light flicker was found to increase arterial blood flow
and to induce local changes in the hemodynamics of the microcirculation. The find-
ings suggested that the changes were related to the degree of neuronal activity and
indicated the presence of a regulatory response that involves redirection of blood
flow in the microcirculation. Similar shunting of flow has been observed during
hemodilution in cerebral and coronary tissue (30). A similar mechanism may take
place in diabetes; that is, shunting of capillary flow aimed at preserving flow in some
selected capillary beds or layers. It is likely that further evaluation of these issues
would contribute to the understanding of early functional changes preceding dia-
betic retinopathy.

In addition to providing information on blood flow in large retinal vessels,
LTA also permitted assessment of the microcirculation. This was based on the mea-
surement of the capillary transit time. As expected, the capillary transit time changed
as a function of blood pressure and, interestingly, showed a twofold variation within
the cardiac cycle (3).

A number of diseases are associated with choriocapillaris abnormalities, but
their visualization is impeded in conventional angiography. Using LTA, for the first
time, detailed visualization of blood flow patterns in the choroid and choriocapillaris
under physiologic conditions was possible (23). In the macular area, using LTA, the
choriocapillaris showed individual, in the rat, lobules, which were polygonal in shape
and 200–300 mm in diameter. Each lobule was fed from its center by an arteriole, per-
fused radially by capillaries, and drained by a peripheral venular annulus. Each of
the numerous arterioles perfused a well-defined cluster of lobules. Adjacent arterioles
typically supplied separate clusters, which fit together like a jigsaw puzzle: the signif-
icance of such an arrangement is not known. The fovea was supplied by one or more
branch arteriole, which were always nasal to it. At the optic nerve head, well-defined
clusters of lobules created a doughnut around the optic disc.

SAFETY OF LIGHT-TARGETED DRUG DELIVERY

The information available so far indicates that LTD is safe. Intravenously admin-
istered liposomes are in use today in humans for cancer chemotherapy, as vehicles
for delivery of immunomodulators, and for gene therapy (31). The liposomes used
in our preparation are composed of phospholipids such as DPPC, DPPG, and
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polyethylene glycol. These lipids are amongst the safest used for the preparation of
liposomes and have been used in clinical trials and clinical applications involving
intravenous injections of liposomes (31–35). Large unilamellar liposomes, which
have a high encapsulation efficiency (which also limits the amount of lipid required),
have been successfully administered systemically in patients (31,36).

All the tests in humans have indicated so far that liposomal delivery does not
introduce side effects other than those linked to the specific drug, which is encapsu-
lated. We have performed a pilot toxicology test of our preparation in rats with a
fluorescent dye and have not found any morbidity or mortality, or any change in
biochemical parameters or histology of the liver, spleen, and kidneys (37). A formal
toxicology study in the dog, using 10 times the dose intended for humans, showed no
systemic side effect of clinical significance (unpublished data).

The laser power density and exposure time used to cause liposomal release of
drug in the choroid are within national standards for the safe use of lights (38). Con-
sequently, histopathologic and angiographic examinations of eyes following multiple
dye releases in the choroid have indicated a lack of observable damage (23). How-
ever, the light intensity used for liposomal release of drugs into retinal vessels is
higher. Damage to the RPE has been observed in this circumstance, but it is localized
to a small area away from the fovea that is possibly small enough not to be notice-
able by the patient (similar to extra-macular focal photocoagulation). Thus, if LTD
is used for therapeutic purposes in the retina, the observed damage may be consi-
dered clinically insignificant.

LIMITATIONS

LTD is dependant upon clear ocular media. Significant media opacities, such as
cataract and vitreous hemorrhage, will hamper LTD. Additionally, LTD is advanta-
geous for transient bolus drug delivery and not for chronic therapy. LTD may have
limited applications in diseases such as CMV retinitis and uveitis which require
chronic therapy. Though multiple doses of the drug can be released at an ocular site
during a single session of LTD, the number of sessions may be limited by the total
quantity of lipid injected and possible liver toxicity. These aspects need to be further
evaluated by larger toxicology studies.

There is a need for tight control of manufacturing parameters, particularly lipo-
some size, uniformity of liposomes, stability of bioactive drugs during the encapsulation
process, sterility and endotoxin control. Hydrophilic drugs are easily encapsulated, but
lipophyllic drugs may need to be modified to render them encapsulable.

CONCLUSION

LTD is a promising method to deliver therapeutic and diagnostic agents to the retina
and choroid. The first applications are likely to be the diagnosis and treatment of
AMD. LTD is an acute drug delivery method and has potential for those drugs that
need to be delivered infrequently. Further application of LTD will depend on the
availability of agents that can be delivered as a bolus but have lasting effects. Agents,
such as genetic and biologic material that modify cell behavior, are under develop-
ment, and could be candidates for LTD.
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11
Gene Therapy for Retinal Disease

Albert M. Maguire and Jean Bennett
F.M. Kirby Center for Molecular Ophthalmology, Scheie Eye Institute, University of
Pennsylvania, Philadelphia, Pennsylvania, U.S.A.

DESCRIPTION OF DRUG DELIVERY SYSTEM

Gene therapy can be considered a method of drug delivery. Gene therapy takes
advantage of the host organism’s gene transcription/translation machinery to locally
produce bioactive substances. In gene therapy, a nucleic acid compound (DNA or
RNA) is delivered to the target tissue via a vector system. The nucleic acid can
directly affect gene expression by binding to homologous nucleic acid sequences
within the cell. Such a phenomenon is used in ‘‘antisense’’ strategies. Alternatively,
the target cells will transcribe the delivered DNA transgene (or the reverse-
transcribed RNA template) to produce RNA, which may be bioactive itself, or
may be translated to a protein with bioactive properties. The greatest technical chal-
lenge is to achieve efficient and stable expression of the introduced cDNA. This is
largely a function of the vector system used to introduce the exogenous nucleic acid
sequence (Table 1). In some instances, injection of naked DNA oligonucleotides
alone into host tissue will result in a biological effect. Robinson et al. injected
DNA oligonucleotides that were antisense to a target vascular endothelial growth
factor (VEGF) molecule and obtained evidence for therapeutic effect in a mouse
model of retinopathy of prematurity (1). Cellular uptake and stability of such mole-
cules is inefficient, however. Therefore, a variety of physiochemical and biological
means have been developed with which to enhance the efficiency of nucleic acid
delivery into various target cells. Examples include encapsulation in liposomes,
addition of lipid/cationic compounds to the nucleic acids, electroporation, use of
immunoliposomes, high-pressure injection, and bombardment of tissue with gold par-
ticles coated with DNA using a ‘‘gene gun’’ (Table 1). The most commonly employed
vector system in gene therapy, however, is that of genetically modified viruses
(Table 1). Viruses are highly efficient at transfer of exogenous DNA into host tissue.

In some instances, expression of exogenous nucleic acids can be stable over
time, far exceeding the performance of the nonviral systems. Adeno-associated virus
(AAV), for example, has been used to deliver a fluorescent marker protein, green
fluorescent protein (GFP), which is produced in the target retinal cells over the
course of months and years (Fig. 1). In contrast, gene expression after delivery using
nonviral methods generally persists for days or weeks. Viruses are engineered to
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minimize any pathogenic effect on the target tissues, as well as other features to
optimize their use in gene therapy applications. For example, hybrid viral systems
have been developed in an attempt to alter the tropism of the vectors (11,14,18).

SPECTRUM OF DISEASES FOR WHICH THIS DELIVERY SYSTEM
MIGHT BE APPROPRIATE

In principle, gene therapy is not limited to any particular spectrum of diseases. Gene
therapy is limited by the type of compound that can be delivered, i.e., nucleic acids or
their protein/peptide transgene products. The particular vector that carries this
compound determines the target cell type in which it is expressed, as well as the

Figure 1 (See color insert) Expression of the gene encoding EGFP is stable after subretinal
injection in the monkey. (A) Montage of fundus views of EGFP four months after injection of
AAV2/2. CMV.EGFP; (B) Green fluorescence is visible in the blue light–illuminated retinal
whole mount from the eye shown in (A). (C) Green fluorescence is present in RPE cells and
rod photoreceptors of the tissue shown in (A,B). Abbreviations: AAV, adeno-associated virus;
CMV, cytomegalovirus; EGFP, enhanced green fluorescent protein; RPE, retinal pigment
epithelium; onl, outer nuclear layer; inl, inner nuclear layer; gcl, ganglion cell layer.
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onset, intensity, and duration of expression. The vector system can be tailored to the
pathophysiology of the disease process. For example, a process such as choroidal
neovascularization (CNV) may require an intense, short-lived application of an anti-
angiogenic compound such as pigment epithelium–derived factor (PEDF). Recombi-
nant adenoviral serotype 5 (Ad5) vectors provide just such an expression profile and,
in addition, have high efficiency of transduction in retinal pigment epithelium (RPE)
and Muller cells (26,27). A clinical trial employing adenoviral vector delivery of
the PEDF-encoding cDNA is underway to test the treatment of CNV, secondary
to age-related macular degeneration (AMD) (28).

Chronic diseases requiring long-term correction of protein/enzyme abnormal-
ity may require a vector system with stable expression of transgene product at more
physiologic levels. AAV vectors provide long-term expression in photoreceptors,
RPE cells (Fig. 1), and other cell types at levels that are quantitatively less than that
of recombinant adenoviral vectors (12,13,15,18,29). AAV vector systems have shown
promise for gene replacement therapy in autosomal recessive retinal degeneration
[i.e., Leber congenital amaurosis caused by RPE65 mutations (30), retinitis pigmen-
tosa due to peripherin/retinal degeneration slow (rds), and rhodopsin mutations
(31,32)]. Thus, the spectrum of diseases for which gene therapy may be appropriate
is potentially applicable to any subacute process for which a therapeutic nucleic acid
can be designed. Acute conditions such as bacterial infection would be poor candi-
dates for gene therapy because there exists a delay in onset of expression of the thera-
peutic molecule due to either host transcription/translational machinery or to
vector-related biology.

Numerous in vivo studies have been performed with both gene expression mar-
kers and with therapeutic compounds. These have demonstrated the proof-of-
principle of gene therapy for retinal disease. Studies evaluating onset, intensity,
and stability of gene expression and efficiency of gene transduction have been per-
formed using marker systems with bacterial LacZ–encoding b-galactosidase and
with the jellyfish-derived gene-encoding GFP. These marker studies have proved
extremely valuable in characterizing different vector systems with respect to potential
clinical application. The physicochemical systems such as the addition of certain
lipid vehicles to the recombinant DNA and ballistic delivery of DNA-impregnated
gold particles (gene gun) have generally been found to be limited by poor transduc-
tion efficiency and transient gene expression (6). Recombinant viruses demonstrate
much more favorable profiles with respect to intensity and duration of expression
and therefore have received the most attention vis-a-vis clinical application. Marker
studies have defined fundamentally different characteristics regarding expression
onset, tissue tropism, and stability of expression—see Table 1.

Studies evaluating gene therapy approaches to various ocular conditions have
largely involved in vivo application in laboratory animals. Although many ocular
cell types such as RPE cells and photoreceptors can be maintained in culture, the
biology of these cells in vitro may change in fundamental ways that do not reflect
their behavior in vivo. Cell lines in culture often show entirely different expression
patterns than the analogous cells in vivo. In addition, in vitro experiments cannot
be used to evaluate other variables that may determine stability of gene expression
and toxicity of therapy. For example, whereas adenoviral vectors cause minimal
cytopathologic effects after in vitro transfection, immune-mediated inflammatory
response can cause significant toxicity with in vivo gene therapy (33–35). In vivo
experiments can reveal other potential interactions distant from the target tissue.
In vivo transduction of ganglion cells has demonstrated that transgene product
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may appear anywhere along the axonal projections in the central nervous system,
e.g., lateral geniculate body and superior colliculus (36). Such information cannot
be established in vitro either in isolated cells in cell culture or even in a more complex
microenvironment of tissue or organ culture. Ex vivo gene therapy has been explored
for corneal diseases and as a way to achieve long-term delivery of exogenous growth
factors. In the first instance, corneal buttons are treated in ex vivo conditions to
achieve transduction of target cells, e.g., corneal endothelium (37,38). The gene
therapy–treated corneal ‘‘button’’ is then transplanted to the animal recipient. The
exposed corneal cells maintain expression of the novel gene after transplantation.
This form of approach may be particularly well suited for treatment of donor tissue
used in various anterior segment procedures such as penetrating keratoplasty. This
sort of treatment may also be useful for delivering growth factors that may sustain
diseased retinal tissue. Such an approach may ultimately be useful in the transplanta-
tion of RPE cells, from which primary cultures can be made with relative ease. RPE
cells that have been genetically modified ex vivo have been successfully transplanted
to recipient retinas in in vivo studies (39,40).

Due to the time required for transduction events to occur, treatment of host tis-
sue by itself may not be useful. In addition, certain structures such as neural retina lose
both viability and functionality when removed from their native environment. The
same barriers that prevent successful transplantation also limit the possibility of
ex vivo gene therapy. Ex vivo transduction of various cell types with subsequent
reintroduction into host tissues is a feasible if not cumbersome technique. Transduced
donor cells have been implanted in specially designed encapsulation systems for a
depo-type delivery of neurotrophic factors for the retina (see Chapter 8) (41). Encap-
sulation is designed to minimize immune-related injury of foreign cells. Sieving et al.
have proposed to transplant encapsulated RPE cells modified to express a cDNA-
encoding ciliary neurotrophic factor (CNTF) as a treatment for retinitis pigmentosa
(Recombinant DNA Advisory Committee, June 18, 2003, Washington, D.C.). Treat-
ment effect is dependent on diffusion of the transgene product (CNTF, in the Sieving
study) to the target site. The cell-containing capsule can also be removed if necessary,
which is an important safety consideration. It would be much more difficult to remove
cells that had been exposed in vivo to a viral gene transfer agent.

ANIMAL MODELS USED TO INVESTIGATE THE APPLICABILITY OF
THIS DELIVERY SYSTEM FOR THE DISEASES MENTIONED ABOVE

Various animal models have been used to test gene therapy applications. In general,
animal models have been used in two ways—first, to test the expression patterns of
specific vector systems and second, to test proof-of-principle of optimally designed
gene therapy applications in animal models of disease. Studies investigating expres-
sion patterns of vector systems have provided critical information used in designing
gene therapy compounds. The profile of in vivo gene expression for various vectors
has been described, including tropism for certain cell types, onset of gene expression,
efficiency of expression, intensity of expression of transgene product, duration of
expression, and toxicity (Table 1). Gene expression studies employing ‘‘marker’’ sys-
tems such as LacZ and GFP have been replicated in various mammalian species. By
and large, the pattern of gene expression with regard to cellular tropism is similar in
different animal species (42). This is fortunate in that it suggests that gene trans-
duction in animals can be used to predict that in humans. Furthermore, accurate
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screening of vectors can be done quickly and efficiently in mice rather than animals
that are more expensive and difficult to maintain. Animal studies have revealed some
important differences in gene expression across different species. Some vectors dis-
play markedly different delays in onset of gene expression. This is especially true
of AAV vectors, where in murine species, gene expression occurs two to three weeks
after in vivo delivery whereas in nonhuman primates, this delay can be as long as six
to eight weeks (42).

One of the main concerns in gene delivery is the potential toxicity of the trans-
gene product. Toxicity can result if transgene expression extends beyond the cell
population under study. In some instances, the tropism of certain viruses or viral
serotypes is used to limit gene expression to a specific cell type(s). Chimeric vectors
can be created to direct expression to a specific population of cells. For example,
AAV2/1, an AAV virus with a serotype 2 genome, can be packaged in a capsid from
an AAV virus of serotype 1 (11,14,18). After subretinal injection, the AAV2/1 virus
delivers foreign genes only to retinal pigment epithelial cells—not to photoreceptors
or Muller cells, which are also adjacent to the subretinal space. Similarly, adenovirus
fiber proteins can be modified so that instead of targeting RPE cells efficiently after
subretinal injection, they target photoreceptors (8). Cell specificity can be further
refined by inserting promoter elements that drive transgene expression in only one
cell type, e.g., rhodopsin promoter for rod photoreceptors (13,43).

PHARMACOKINETIC STUDIES USING THE DELIVERY SYSTEM

All of the conventional vector systems are limited to ‘‘on’’ expression. Attempts have
been made to develop systems where the foreign gene can be turned on and off at
will. Such regulatable promoters are turned on or off by the addition of a diffusible
drug (such as tetracycline). The tetracycline-regulated system depends on two sepa-
rate vectors, one containing a promoter-driving expression of a transcriptional acti-
vator (‘‘transactivator’’) and the other containing the regulated therapeutic
transgene. After coinfection with these two vectors, the host cell contains machinery
to produce the therapeutic transgene and an inducible system to turn on its expres-
sion. In its basal state, the therapeutic vector is quiescent or nearly so. The first vec-
tor produces the transactivator not normally present in the microenvironment of the
host cell. The second vector carries a transgene that is not activated unless it encoun-
ters both the transactivator and tetracycline. By adding tetracycline to the system,
the transactivator can bind to the promoter of the therapeutic gene, ultimately result-
ing in production of the therapeutic drug (Fig. 2). Of note, this inducible system can
be designed in the opposite configuration, such that application of an exogenous
agent can result in suppression of transgene expression. Both the tetracycline-
regulated system and the rapamycin-regulated system have functioned successfully
and repetitively in the retina in animal studies (44–46).

RESULTS OF ANIMAL MODEL STUDIES

Successful application of ocular gene therapy has been demonstrated in animal dis-
eases or animal models of human disease. The most encouraging results in the field
of ocular gene therapy involve treatment of genetically inherited retinal degenera-
tions occurring in various animal species. Conventional pharmacologic approaches
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to treating inherited retinal diseases have been uniformly discouraging. Gene therapy
offers the theoretical advantage of correcting the gene defect by introducing the nor-
mal, wild-type gene product in the gene-deficient host retina. This approach would
seem especially relevant for conditions caused by recessive, lack-of-function muta-
tions. By replacement of the absent gene product, function may be restored. Gene
therapy provided the first evidence of therapeutic effect for retinal degeneration
caused by a null mutation in the b-phosphodiesterase (PDEb) gene (47). Gene
replacement therapy with wild-type PDEb results in significant delay of photorecep-
tor degeneration in retinal dystrophic (rd) mice, which otherwise show a near com-
plete loss of rod photoreceptors by one month of age. This specific gene-based
therapy has been successfully performed with several different vector delivery
systems including adenovirus, gutted adenovirus, lentivirus, and AAV (21,47–49).
Analogous results have been obtained in other rodent lines with recessive, lack-of-
function mutations causing other retinal degenerations, including rds caused by
mutations in the rds/peripherin (Prph2Rd2/Rd2) gene (32), Royal College of Surgeons
rats caused by mutations in the mertk1 gene (50), and RPE65 knockout mice caused
by a genetically engineered knockout of the RPE65 gene [Dejneka N, Surace E,
Aleman T, et al. Fetal and postnatal virus-mediated delivery of the human RPE65
gene rescues vision in a murine model of leber congenital amaurosis (submitted)].

Figure 2 (See color insert) Scheme of dual vector transactivation system using tetracycline
(or doxycyclin). One vector (Vector I) carries a promoter (large arrowhead) and a gene encod-
ing a transactivator protein (red circle). The second vector (Vector II) carries a site that binds
only to the transactivator when it has already bound to tetracycline. When the transactivator/
tetracycline unit has bound, a minimal promoter (arrow) is activated, which results in tran-
scription of the therapeutic gene (green rectangle). This results in production of the therapeutic
protein (green circle).
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Gene replacement therapy has also been successfully performed in naturally occur-
ring large animal species such as cats with the lysosomal storage disease, mucopoly-
saccharidosis VI (51), and dogs with Leber congenital amaurosis due to a recessive
mutation in the RPE65 gene (30,52,53). Gene therapy resulted in restoration in
retinal function including electrophysiology and visual behavior in this RPE65
canine model. In one set of experiments, this therapeutic effect persisted for over
three years of treatment (30). A second laboratory has verified the therapeutic effect
delivered by a similar approach (52,53).

Gene therapy has also been applied to retinal degeneration caused by dominant
mutations such as those in the rhodopsin gene. These gain-of-function mutations
present more complex treatment considerations because the abnormal gene product
not only needs to be replaced but its toxic effects must also be neutralized. While
several pharmacologic strategies including RNA antisense, recombinant antibody
fragments, and interference RNA (RNAi) may be applicable using gene therapy
techniques, the most experience has been with ribozyme therapy. These specially
designed RNA molecules will bind to specific regions of the mutant mRNA, result-
ing in its cleavage (54) (Fig. 3). Ribozyme therapy has been successfully used in mice
and rats genetically engineered to have autosomal dominant retinal degeneration due
to a mutant rhodopsin gene. With ribozyme therapy, the rate of photoreceptor
degeneration and loss of electrophysiologic response is markedly slowed (31,55).

The vast majority of retinal degenerations do not have specifically identified
gene mutations. In addition, degenerations caused by dominant genes may involve
numerous unrelated mutations that cannot be addressed by any single mutation-
based intervention or by single gene replacement. Nonspecific approaches have been
developed for diseases with different etiologies. Exogenous application of various
growth factors can produce a protective effect against retinal degenerations caused
by both environmental and genetic insults (56–58). Growth factors applied by intra-
vitreal injection have a short half-life and require repeated reinjection to maintain
therapeutic levels. Using gene therapy methods, cells can be transduced to provide
long-term production of these compounds. Rescue effect has been demonstrated

Figure 3 (See color insert) Scheme of ribozyme-mediated cleavage of target mRNA mole-
cules. The ribozyme (in red) is designed to target mRNA sequence centered on the desired clea-
vage site (asterisk). It cleaves this mRNA sequence specifically.
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in several retinal degeneration models with CNTF (59–61) (for example, refer Fig. 4).
Injection of vectors containing the CNTF gene results in local sustained production
of the CNTF molecule. As shown in Figure 4, preservation of the outer nuclear layer
(ONL) is apparent throughout the retina in an eye that had received treatment with
the experimental virus (AAV.CNTF.GFP) at postnatal day 5 and, which was then
evaluated for rescue effect at 8.5 months of age. In contrast, the contralateral eye,
which had received an injection of an AAV carrying a control gene (GFP), has only
a single row of nuclei remaining in the ONL.

While the high levels of CNTF provided by viral vector–mediated gene delivery
confer a protective effect on photoreceptor cells by histologic measures, paradoxically,
these levels can have a negative effect with respect to photoreceptor physiology (62–64).
Other growth factors such as basic fibroblast growth factor (bFGF; FGF-2), FGF-5,
and glial-derived neurotrophic factor (GDNF) have shown promise in animal models
of retinal degeneration when applied using a gene therapy approach (61,65–67).

Great interest has been shown in gene-based treatments of ocular neovasculari
zation. Many human retinal diseases have either retinal neovascularization or
CNV as a final common pathway. Neovascularization results in retinal injury and

Figure 4 Gene therapy–mediated slowing of photoreceptor cell death in the rds/rds
(Prph2Rd2/Rd2) mouse. The right eye (experimental) was treated with an AAV carrying CNTF
and the GFP reporter gene (control; AAV.CNTF.GFP) by intravitreal injection on the tem-
poral (T) side at postnatal day 5. The left eye was treated by intravitreal injection on the nasal
(N) side with AAV carrying GFP alone (AAV.GFP). The tissue was sectioned when animals
were 8.5 months of age. Arrows indicate panels from which higher magnification views are
shown below: a¼ nasal, experimental eye; b¼ temporal, experimental eye; c¼ nasal, control
eye; d¼ temporal, control eye. The ONL (photoreceptor layer) in the corresponding portions
of the experimental eye (a, b) is thicker than in either portion of the control eye (c, d).
Abbreviations: AAV, adeno-associated virus; CNTF, ciliary neurotrophic factor; GFP; green
fluorescent protein; gcl, ganglion cell layer; inl, inner nuclear layer; onl, outer nuclear layer;
on, optic nerve. Source: From Ref. 62.
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blindness. Conditions such as diabetic retinopathy and AMD are the leading causes
of blindness throughout the U.S. population and development of effective therapy is
a great public health unmet need. The etiology of neovascular disease is rarely
related to a single gene defect. However, the final common pathway for ocular neo-
vascularization may be controlled by key factors that can be altered/influenced by
gene therapy interventions. VEGF is a potent angiogenic protein that is associated
with ocular neovascularization (68–70). Gene therapy methods allowing prolonged
inhibition of VEGF production/activity are successful in suppressing neovasculari-
zation in animal models. PEDF is an endogenous protein with potent antiangiogenic
activity and is postulated to have an important role in preventing CNV. Its ability to
suppress neovascularization has been demonstrated in animal models (71–75). A
phase 1 (safety/toxicity) human clinical trial to treat exudative AMD is currently
underway, in which gene therapy delivery of PEDF is being used. A recombinant
adenovirus carrying the PEDF transgene is injected into the vitreous in hopes that
Muller and other cells will be transduced and produce PEDF that will suppress
CNV (76). A number of other gene therapy paradigms have been shown to be suc-
cessful in animal models of retinal neovascularization and many of these will likely
one day be tested in human clinical trials. Examples are gene therapy using AAV to
deliver PEDF, angiostatin, endostatin, tissue inhibitor of metalloproteinases 3, anti-
sense molecules to VEGF, or sFlt-1 and delivery of RNAi specific for blocking
production of VEGF (71,77–82).

TECHNIQUES FOR IMPLANTING OR PLACING THE IMPLANT
IN HUMANS (IF DONE)

One significant advantage of gene therapy delivery of pharmacologic agents is that
therapeutic levels can be maintained without the need for reinjection or implantation
devices. Most vectors do need to be placed in direct contact with their target tissues
because the gene therapy compounds, either naked nucleic acids or nucleic acids in
combination with viral/nonviral vectors, are unable to diffuse across tissue barriers.
Thus, delivery of gene therapy agents for photoreceptor diseases requires surgical
delivery to the subretinal space (83). Several studies have shown that subretinal injec-
tion results in minimal tissue damage and the technique is routinely employed in
human vitreoretinal surgery.

Treatment of the inner retina may be effected by standard techniques used for
intravitreal injection. Such approaches, together with treatment of the ocular out-
flow tract, will be necessary for the treatment of glaucoma. Delivery of neurotrophic
factors to ganglion cells via recombinant viruses has been shown to ameliorate dis-
ease in animal models of glaucoma (84). Delivery of growth factor receptors has also
been evaluated in diseases in which uncontrolled proliferation leads to visual deficit
(25,85). Of note, after subretinal injection, transduction of inner retinal cells is some-
times seen. This is presumably due to the leak of vector material through the open
retinotomy used to gain access to the subretinal space. In contrast, intravitreal injec-
tion does not result in transduction of any other retinal cells because the vector can-
not diffuse across the intact neural retina. Some vector injected into the vitreous will
diffuse into the anterior segment, thus exposing cells in the ciliary region, iris, lens
epithelium, corneal endothelium, and trabecular meshwork (86). Transduction of
these cell types depends on the tropism of the vectors system, its concentration,
and its length of contact with the target tissue.
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The mode of delivery is important when considering the degree of immune
response and inflammatory reaction elicited by any given vector. In general, delivery
limited to the subretinal space results in the least inflammatory and immune-
mediated response. In contrast, intravitreal or anterior chamber delivery will result
in a much greater response for the same amount of material, e.g., plaque-forming
units of the viral vector (34,87). Recombinant adenovirus can result in a significant
cell-mediated response. This difference in response is felt to be due to two factors.
First, the subretinal space is an immune-privileged environment where suppression
of immune-mediated responses can occur—the so-called ‘‘immune deviation’’ (88–90).
Second, the highly reactive uveal tract is exposed to a much greater degree in the
anterior portion of the eye. The retinal blood vessels and the RPE possess diffusion
barriers not present in structures such as the iris and ciliary processes. Other (non-
adenoviral) vectors do not cause a cell-mediated response but can cause a humoral
immune response (36,42) [Karakousis P, Anand V, Wakefield J, Kappes J, Maguire
A, Bennett J. Favorable immune response following subretinal administration of
lentivirus (submitted)]. AAV and lentivirus, however, result in a ‘‘suppressive’’
immune response [Karakousis P, Anand V, Wakefield J, Kappes J, Maguire A,
Bennett J. Favorable immune response following subretinal administration of
lentivirus (submitted)] (91). These anatomic, vector-related, and immunologic differ-
ences should be borne in mind when considering the potential toxicity of gene therapy
delivery. In certain cases, it may be desirable to harness immunologic responses for
therapeutic effect. Recombinant adenovirus carrying the cDNA-encoding thymidine
kinase is presently being delivered to the vitreous in a phase 1 human clinical trial for
retinoblastoma (92). In this instance, the immune response to both the virus and the
cancerous cells targeted by the virus may be an adjunct to the therapeutic effect of
killing the thymidine kinase–expressing cells.

FUTURE HORIZONS

Development of gene therapy as a viable, clinically successful methodology will
require demonstration of proof-of-principle in a clinical trial. Currently, while gene
therapy has demonstrated outstanding and, in some cases, unprecedented success in
animal models of human disease, there are only two ongoing trials in the field of ocu-
lar therapeutics—as described above, one for CNV and the other for retinoblastoma
(76,92). To a large degree, this reflects a concern about potential morbidity of gene
therapy–based treatments. In widely publicized stories, there were two unexpected
events. One was a death of a mildly affected patient in a gene therapy trial for a
metabolic disease [ornithine transcarbamylase (OTC) deficiency] (93). In the second,
two children who had been treated successfully with gene therapy for severe com-
bined immune deficiency (SCID)—a disease that is lethal in early childhood—later
developed leukemia (94).

Since the OTC trial, there has been rapid advancement in vector development
with marked improvements in the safety (and efficacy) of new viral delivery systems.
There is also a better understanding of the immunological responses to gene therapy
vectors. The adverse events in the SCID trial are more recent. They appear to be a
likely result of the choice of vector (retrovirus) and the ex vivo selection strategy used
to modify the affected stem cells of the SCID patients. The risk:benefit ratio for gene
therapy treatment of these children is still deemed favorable in light of the fact that
without treatment, they would not be alive.
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Initiation of a human clinical trial involving ocular gene therapy should be
done cautiously—especially because ocular disease is rarely lethal. Nevertheless,
ocular therapy has the unique advantage that the volume of tissue that requires treat-
ment is a fraction of that for other clinical applications. For example, log units less of
vector are used for retinal delivery versus intrahepatic injection. Vector administered
to the eye does not escape to systemic sites. Therefore, the degree of systemic
exposure to potentially immunogenic vector and transgene product is substantially
diminished with ocular application. For these and other reasons, gene therapy seems
ideally suited for the treatment of eye disease. If this technology is to become
available for clinical use, a new industry for vector production must be developed
and prove economically viable. Hopefully, alliances of academic investigators and
biotechnology/pharmaceutical companies will lead to the identification of new
sight-saving gene-based products for diseases that presently cannot be treated
satisfactorily.
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FUNDAMENTALS OF BIODEGRADABLE POLYMERIC DEVICES

Drug delivery systems using biodegradable polymers can provide a significant
advantage over nonbiodegradable systems because the entire device is eventually
absorbed by the body, eliminating the need for subsequent removal. Polylactic acid
(PLA) and copolymers with glycolic acid (PLGA) have been the most promising as
biodegradable materials and have been used successfully in absorbable sutures for
many years (1). The degradation products (lactic and glycolic acids) are metabolized
via the Krebs’ cycle to carbon dioxide and water. PLA- and PLGA-based systems are
usually matrices in which drug is dispersed within the polymers and is released both
by diffusion through the polymer and as the polymers degrade. The drug release from
biodegradable polymeric devices depends on the molecular weight of the polymers,
the composition of the monomer copolymer, and drug loading (2). In this chapter,
we provide an overview of biodegradable systems, and describe our experience with
drug delivery systems in the form of scleral plugs and intrascleral implants.

Control of Drug Release

We have reported the drug release profile from scleral plugs in detail (3). Scleral
plugs were made of PLA or PLGA and contained various amounts of ganciclovir
(GCV) (Figs. 1 and 2). In vitro release studies demonstrated a triphasic release pat-
tern: an initial burst, a second stage that is derived from diffusional release before
erosion and swelling of the polymer begins, and a sudden burst due to swelling and
disintegration of the polymeric matrix. The initial burst may have resulted from
the rapid release of drugs deposited on the surface and in the water channels in the
matrix. Higher drug loading may have induced a higher initial burst through numer-
ous water channels. During the second stage, the drug was released slowly, possibly
controlled by both diffusion of drug through the polymer matrix and degradation of
the polymer. Typically the release rate increases as the molecular weight and PLGA
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lactide content decreases. The third phase, characterized by rapid drug release coin-
cides with bulk erosion of the polymer and disintegration of the device.

In general, it is difficult to achieve constant release (so called zero-order) from
biodegradable polymeric devices because of the polymer biodegradation. It is also
difficult to both prolong the duration and increase the drug release rate in the
diffusional phase. Recently however, we reported that scleral plugs prepared by
blending PLAs with different molecular weight ranges had a prolonged duration
and better release rate in the diffusional phase and less final burst than implants
made from a single molecular weight range (Fig. 3) (4). The scleral plugs were pre-
pared by blending PLA-70,000 (molecular weight: 70,000) and PLA-5000 (molecular

Figure 1 Effects of themolecular weight and LA/GA ratio of PLA (PLGA) on in vitro release
from scleral plugs at a constant ganciclovir loading of 10%. The values shown are mean� SD of
n¼ 5. Abbreviations: PLA, polylactic acid; PLGA, polyglycolic acid. Source: From Ref. 4.

Figure 2 Effects of the loading of ganciclovir on in vitro release from the PLGA
(75/25)-121,000 scleral plug. The values shown are mean� SD of n¼ 5. Abbreviation: PLGA,
polyglycolic acid. Source: From Ref. 4.
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weight: 5000) at weight ratios of 80/20. These plugs included 25% GCV. The high-
molecular-weight PLA may play a substantial role in the framework of the device
and restrict the degradation rate of the low-molecular-weight PLA. Also the low-
molecular-weight PLA may regulate drug release by slowing pore formation during
the diffusional phase. The degradation rate of other biodegradable devices such as
microspheres and intrascleral implants is also controlled in a similar manner.

Drug Delivery Systems

General Overview

Several different intraocular drug delivery systems using biodegradable polymers
such as microspheres (5–9), intraocular implants (10–13), scleral plugs (3,4,14–22),
and intrascleral implants (23) have been developed.

Moritera et al. (5) first reported an intravitreal drug delivery system using bio-
degradable polymer microspheres. PLA microspheres containing doxorubicin hydro-
chloride (6) and PLGA microspheres containing retinoic acid (7) have been reported
for the treatment of proliferative vitreoretinopathy (PVR). GCV-loaded PLGA
microspheres have been developed using a new oil-in-oil emulsion technique with
fluorosilicone (8). Interestingly, after intravitreal injection of PLA nanoparticles
with the mean size of 310 nm, nanoparticles transversed the retina and reached
the retinal pigment epithelium (9). Targeted drug delivery to the retina and retinal
pigment epithelium could be feasible using PLA nanoparticles.

Surodex1 (Oculex Pharmaceuticals, Inc.) is a PLGA rod containing dexa-
methasone, which is implanted at cataract surgery for treatment of postsurgical
inflammation (10). In a multicenter, randomized, double-masked, parallel group

Figure 3 Cumulative release GCV from the scleral plugs of PLA-70,000 and PLA-5000
(whose content ratio was 80:20) containing 25% of GCV. The values shown are mean� SD.
The duration of GCV release was prolonged further compared with the plug made of PLGA
(75/25)-121,000. Abbreviations: GCV, ganciclovir; PLA, polylactic acid; PLGA, polyglycolic
acid. Source: From Ref. 4.
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study, Surodex1 safely and effectively suppressed postoperative inflammation after
uncomplicated cataract surgery (11). Posurdex1 (Allergan, Inc.), which has a similar
design, is implanted in the vitreous cavity to deliver dexamethasone to the posterior
segment of the eye. Clinical trials for Posurdex1 are ongoing for the treatment of
macular edema associated with diabetes and other conditions (see Chapter 19). For
the treatment of PVR, two intravitreal implants have been reported; a PLGA rod
containing 5-fluorouracil (12) and a multiple drug delivery implant consisted of three
cylindrical segments, each of which contained one of the following drugs: 5-fluoro-
uridine, triamcinolone, or human recombinant tissue plasminogen activator (13).

The scleral plug is a device that is implanted through a sclerotomy at the pars
plana; it releases the drug intravitreally (Fig. 4). Its shape is similar to that of a
metallic scleral plug, which is used temporarily during pars plana vitrectomy. Con-
trolled release of doxorubicin hydrochloride [adriamycin (ADR)] (15,16), GCV
(3,4,17,19,21), fluconazole (18), 5-fluorouracil (20), and tacrolimus (FK506) (22)
have been reported.

The intrascleral implant is a device that is implanted in the sclera; it delivers
the drug through the sclera to the intraocular tissues (Fig. 5). Transscleral delivery
may be an effective method of achieving therapeutic concentrations of drugs in the pos-
terior segment (24–27). The intrascleral implant that incorporated betamethasone phos-
phate (BP) successfully delivered the drug to the retina/choroid and vitreous (28). The
concentration of BP was maintained at a level that should suppress inflammation in
the retina–choroid for more than eight weeks, and did not produce any ocular toxicity.

Relative Advantages and Disadvantages of Different Biodegradable Systems

Microspheres can be administered into the vitreous cavity by injection as a suspen-
sion. Although this is an advantage of this system, it can be disadvantageous as
a large quantity of microspheres cannot be given by intravitreal injection and
microspheres may cause a temporary disturbance in vitreous transparency. In

Figure 4 Scleral plug made of biodegradable polymers. The plug weighs 8.5mg and is
5.0mm long. Source: From Ref. 14.
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contrast, relatively large amounts of the drug can be loaded into scleral plugs,
intrascleral implants, and intravitreal devices without decreasing vitreous transpar-
ency. Furthermore, scleral plugs can be applied at the sclerotomy sites at the end
of pars plana vitrectomy as an adjunctive therapy. Intrascleral implants are less inva-
sive than microspheres and scleral plugs, as complications such as endophthalimitis,
vitreous hemorrhages, retinal detachment, and potential risks of intraocular systems,
are virtually eliminated. In intravitreal drug delivery systems such asmicrospheres and
scleral plugs, the drug is released intravitreally, reaches the surface of the retina,
and diffuses into the retina–choroid. Transvitreal permeation into the retina is
limited for relatively large molecules, such as tissue plasminogen activator
(70 kDa), because the inner limiting membrane is a barrier to penetration (28). In
contrast, large molecules such as immunoglobulin (150 kDa) have been reported
to penetrate the retina through a transscleral route (26). Accordingly, we speculate
that intrascleral implants may be more useful for site-specific treatment in the
retina–choroid and for intraocular delivery of large molecular compounds, such as
bioactive protein and antibody, than intravitreal systems.

SPECTRUM OF DISEASES FOR WHICH BIODEGRADABLE
SYSTEMS MAY BE USEFUL

All intraocular disorders that require systemic administration or frequent local
administration of the drug may be appropriate for these biodegradable systems.
Uveitis is a chronic disorder that requires long-term medical therapy. Topical drug
treatment is not effective in the treatment of posterior uveitis because of limited
intraocular penetration. Systemic administration of corticosteroid or immuno-
suppressive agents may be effective but are associated with systemic side effects.
Sustained drug delivery systems may be effective in the treatment of uveitis. In

Figure 5 Intrascleral implant made of biodegradable polymers. The implant weighs 7mg
and is 0.5mm thick and 4mm in diameter. Source: From Ref. 23.
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addition, specific inflammatory disorders such as cytomegalovirus retinitis or fungal
endophthalmitis may be treated with sustained delivery systems of antiviral agents,
antibiotics, or antifungal agents. Especially, for very chronic inflammation, repeat
administration would likely be necessary even with sustained drug delivery systems.

The exudative type of age-related macular degeneration (AMD), which is asso-
ciated with choroidal neovascularization, also may be a good target for biodegrad-
able drug delivery systems. Numerous anti-angiogenic agents have been investigated
in the treatment of AMD. In addition, AMD is a chronic disease and it can be
expected that any pharmacological therapy will likely require long-term treatment.
Therefore, sustained drug delivery may be beneficial.

Recently, macular edema associated with uveitis (29), diabetic retinopathy (30),
and central retinal vein occlusion (31,32) has been treated with intravitreal injection
of triamcinolone acetonide. Macular edema decreased after treatment but recurred
three to six months after injection. A sustained-release steroid delivery system may
be more attractive than a simple injection of triamcinolone as it could reduce or elim-
inate the need for multiple intravitreal injections.

PVR is a serious complication of retinal detachment surgery. Inhibition of
cellular proliferation and postoperative inflammation may reduce the development
of PVR. Inhibition of postoperative inflammation would eliminate one of the
components of PVR and biodegradable sustained delivery systems that contain
anti-inflammatory agents may be useful.

ANIMAL MODELS USED TO TEST BIODEGRADABLE
DRUG DELIVERY SYSTEMS

Experimental Cytomegalovirus Retinitis

Experimental cytomegalovirus retinitis was induced by intravitreal injection
of human cytomegalovirus (HCMV) solution (21). HCMV AD169 was grown on
human fetal lung fibroblast monolayers. HCMV AD169 supernatant was collected
and injected onto confluent monolayers of Hs68 cells. HCMV-infected cells were har-
vested, and their culture mediumwas collected. Eyes of pigmented rabbits were inocu-
lated with 0.1mL (5� 106 pfu/mL) HCMV supernatant. The eyes were examined by
ophthalmoscopy at one, two, three, and four weeks after HCMV inoculation. Poster-
ior segment disease was graded on a 0þ to 4þ scale of increasing severity. The retinal
and choroidal diseases were scored as follows: 0þ, no abnormalities; 1þ, focal white
retinal infiltrates; 2þ, focal-to-geographic retinal infiltrates and vascular engorge-
ment; 3þ, severe retinal infiltrates, vascular engorgement, and hemorrhage; and
4þ, all the foregoing, plus retinal detachment and necrosis.

Experimental Uveitis

A relatively severe, nonspecific experimental uveitis model was created according
to a modification of a previously published protocol (33,34). Pigmented rabbits were
injected subcutaneously with 10mg of Mycobacterium tuberculosis H37RA antigen
suspended in 0.5mL of mineral oil. One week later, a second injection of the same
amount of subcutaneous antigen was given. A microparticulate suspension of
M. tuberculosisH37RA antigen was prepared by ultrasonicating a suspension of crude
extract in sterile balanced salt solution. Fifty micrograms of antigen suspended in
0.1mL of balanced salt solution was injected into the vitreous cavity (first challenge).
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To simulate chronic inflammation with exacerbations, the eyes were challenged again
with the same amount of intravitreal antigen on day 14 (second challenge). On days
3, 7, 14, 17, 21, and 28 after the first challenge, slit-lamp biomicroscopy and indirect
ophthalmoscopy were used to evaluate the severity of inflammation. Anterior cham-
ber cells and flare were graded on a 0–4 scale based on the cell number and opacity
observed by slit-lamp examination. The vitreous opacity was also graded on a 0–4
scale based on the examination of the posterior pole by indirect ophthalmoscopy.
Aqueous protein was measured using a protein assay kit, and aqueous cell count
was measured by hemocytometer.

Experimental Proliferative Vitreoretinopathy

Experimental PVRwas induced by intravitreal injection of fibroblasts in the pigmented
rabbit eye. The eyes received injections of 0.3mL of sulfur hexafluoride (SF6) gas. Seven
days after the first injection, an additional 0.3mL of SF6 gas was injected to achieve
complete compression of the vitreous. Homologous fibroblasts from Tenon’s capsule
were cultured. Sevendays after the second gas injection, 1� 105 cultured fibroblastswere
injected over themedullarywings. The animalswere then placed immediately in a supine
position for one hour to allow the cells to settle on the vascularized retina. Fundus
changes were observed for four weeks by indirect ophthalmoscopy. The fundus findings
weregradedas follows: stage 1,normal retinaorwrinklingof themedullarywing; stage 2,
pucker formation; and stage 3, traction retinal detachment (5).

RESULTS OF EFFICACY STUDIES

Scleral Plugs Containing GCV for Experimental
Cytomegalovirus Retinitis

Scleral plugs were prepared by dissolving PLA with an average molecular weight of
70,000 and 5000 (PLA-70,000 and PLA-5000, respectively) whose content ratio was
80:20 and 25% of GCV in acetic acid.

Scleral plugs were prepared by dissolving PLA and GCV in acetic acid in the
ratio 3:1. The PLA used was a blend of two molecular weight ranges, 80% had an
average molecular weight of 70,000 (PLA-70,000) and 20% had an average molecular
weight of 5000 (PLA-5000).

The resultant solution was lyophilized to obtain a homogeneous cake. The cake
then was compressed into a scleral plug on a hot plate. In a rabbit study the scleral
plug containing GCV was found to maintain GCV concentrations in the vitreous
in a therapeutic range adequate to treat HCMV retinitis for more than 200 days
(4). The 20 eyes of 20 pigmented rabbits that were inoculated with HCMV were
divided into two groups. One week after HCMV inoculation, the control group
(n¼ 10) received no treatment. In the treatment group (n¼ 10), a scleral plug contain-
ing GCV was implanted at the pars plana (21).

In the control eyes, whitish retinal exudates developed three days after HCMV
inoculation and increased gradually until three weeks after inoculation. Thereafter
the chorioretinitis decreased until four weeks after injection. In the treated group,
scores for vitreoretinal lesions were significantly lower than those in the control
group at three weeks after HCMV inoculation (Fig. 6).

Sustained release of GCV into the vitreous cavity with biodegradable scleral
plugs was thus effective for the treatment of experimentally induced HCMV retinitis
in rabbits.
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Scleral Plugs Containing Tacrolimus (FK506) for Experimental Uveitis

Scleral plugs were prepared by dissolving a bioerodible polymer (99%) and FK506
(1%) in 1,4-Dioxane. We used poly(Dl-lactide-co-glycolide), with a weight-averaged
molecular weight of 63,000, whose copolymer ratio of DL-lactide to glycolide was
50:50 (22). In in vitro tests, the scleral plug released FK506 for more than 35 days.

Figure 6 Clinical disease grading. (A) HCMV-inoculated rabbit eyes (control). (B) Treated
eyes with scleral plug containing ganciclovir in HCMV-inoculated rabbit eyes. �P< 0.01,
unpaired t-test. Abbreviation: HCMV, human cytomegalovirus. Source: From Ref. 21.
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Efficacy studies were conducted in the experimental rabbit uveitis model described
above. After preimmunization with M. tuberculosis H37RA antigen, the treated eyes
(n¼ 8) received scleral plugs containing FK506, and the control eyes received blank
plugs. One day after implantation, 50 mg of antigen was injected into the vitreous
cavity. Both the treated eyes and the control eyes were challenged again with the
same amount of intravitreal antigen on day 14.

The results of anterior chamber cell, flare, and vitreous opacity clinical grading
following the first challenge are shown in Figure 7. In the control eyes, several severe
uveitis secondary complications including corneal neovascularization, corneal opa-
city, marked posterior synechia, and cataract were observed. In contrast, such com-
plications were not seen in the treated eyes. Persistent marked vitreous opacity was
observed for at least 28 days in untreated eyes, but was minimal throughout the
observation period in the treated eyes. Evaluated by clinical criteria, the treated eyes
had significantly less inflammation than did the control eyes. Aqueous protein con-
centration and aqueous cell count in the treated eyes were significantly lower than
those in the control eyes.

Together, the results show that biodegradable scleral plugs containing FK506
are highly effective in suppressing the inflammation of experimental uveitis in the
rabbit.

Scleral Plugs Containing ADR for Experimental PVR

Scleral plugs have been tested in a rabbit model of PVR. For these experiments, scleral
plugs composed of 99% PLA (average molecular weight of 20,000) and 1% of ADR
were prepared (16). The scleral plug released ADR over five weeks in vitro (Fig. 8).

Experimental PVR was induced in 22 eyes of 22 pigmented rabbits as described
above. At the time of fibroblast intravitreal injection, the treatment group (n¼ 11)
received scleral plugs containing ADR and the control groups (n¼ 11) received no
treatment. Fundus changes were observed by indirect ophthalmoscopy.

The scleral plug decreased the incidence of traction retinal detachment from
100% to 64% at 28 days after implantation (Fig. 9). The differences in traction retinal
detachment rate between control and treatment groups were significant (P¼ 0.002,
two-way ANOVA).

PHARMACOKINETIC AND PHARMACODYNAMIC STUDIES

Scleral Plugs Containing GCV

For in vivo release studies, scleral plugs prepared from blends of PLA-70,000
and PLA-5000 at weight ratios of 80/20 and 25% of GCV were used. The scleral
plugs containing GCV were implanted in pigmented rabbits. Animals were killed
at days 1 and 3 and at weeks 1, 2, 3, 4, 6, 8, 10, 12, 14, 16, 18, 20, and 24 after implan-
tation, and the eyes were enucleated. Five rabbits were used at each time point.
The intravitreal GCV concentration was determined by high-performance liquid
chromatography (HPLC).

The scleral plugs maintained a constant vitreous GCV concentration within
the ED50 range (0.1–2.75 mg/mL) for six months without any sudden burst
(Fig. 10) (4). However, further studies may be needed to evaluate effective GCV
concentrations clinically, as the ED50s are values determined in various conditions
in vitro.
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Scleral Plugs Containing ADR

To evaluate scleral plug ADR vitreous pharmacokinetics, 1% ADR-loaded PLA
scleral plugs with a weight-averaged molecular weight of 20,000 were used (16).
Pigmented rabbits underwent vitrectomy, and a scleral plug was implanted at the
pars plana. Vitreous fluid (0.2mL) was aspirated through the pars plana with a
30-gauge needle from the center of the vitreous cavity. Samples of vitreous humor

Figure 7 Clinical disease grading. (A) Anterior chamber cell grade. (B) Anterior chamber
flare grade. (C) Fundus opacity grade (mean� SEM, P< 0.001, a Mann–Whitney U nonpara-
metric test). Source: From Ref. 22.

184 Kimura and Ogura



were collected at days 1, 3, 7, 14, 21, and 28 after implantation. The concentrations
of ADR in the vitreous humor were determined by HPLC.

The vitreous humor ADR concentrations are shown in Figure 11. ADR
was maintained between 0.27� 0.06 and 0.76� 0.38 ng/mL between day 1 and day
7 and from a level 3.72� 0.57 to 8.07� 0.76 ng/mL between day 14 and day 21.

Intrascleral Implants Containing Betamethasone Phosphate

Intrascleral implants were prepared with 25% betamethasone phophate (BP) and
75% PLA with a weight-averaged molecular weight of 20,000 (23). Each intrascl-
eral implant weighed approximately 7mg and was 0.5mm thick and 4mm in dia-
meter. The in vitro BP release from the implant was evaluated. The cumulative
release of BP from the intrascleral implants is plotted in Figure 12. The data show
biphasic release profiles, with an initial burst and a second stage. An initial burst
(35%) was observed during the first day, and then BP was gradually released over
50 days.

We used 20 eyes of 20 pigmented rabbits to study in vivo release of BP from the
implant and to evaluate pharmacodynamics in the ocular tissues after implantation.
A scleral pocket was made at a depth of about one-half the total scleral thickness
with a crescent knife 2mm from the limbus. The scleral implant was inserted in
the scleral pocket. At one, two, four, and eight weeks after implantation, animals
were killed and four eyes were immediately enucleated at each time point. The
concentrations of BP in the implants and samples of ocular tissues (aqueous humor,
vitreous, and retina/choroid) were determined by HPLC.

Figure 8 Profiles of in vitro release of adriamycin from the implant. The values are shown as
mean� SD. Abbreviation: ADR, adriamycin. Source: From Ref. 16.
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Figure 13 shows the profile of in vivo release of BP from the implant at the
sclera. The profile was obtained by estimating the percentage of BP remaining versus
the initial content in the implant. In contrast with the in vitro release profile, no
initial burst was observed. In addition, more than 80% of BP was released at 28 days.

Figure 9 Effect of scleral plug containing adriamycin on experimental proliferative vitreo-
retinopathy. The plugs significantly reduced the incidence of traction retinal detachment
(P¼ 0.002). Abbreviation: PVR, prolitrative vitreoretinopathy. Source: From Ref. 16.

186 Kimura and Ogura



Figure 10 GCV concentrations in the vitreous after implantation of the scleral plug
prepared from the blend of PLA-70,000 and PLA-5000 with a ratio of 80/20. The values
are shown as mean� SD. The shaded area indicates the ED50 range of GCV for CMV replica-
tion. Abbreviations: CMV, cytomegalo virus; GCV, ganciclovir; PLA, ploylactic acid; PLGA,
polyglycolic acid. Source: From Ref. 4.

Figure 11 ADR concentrations in the vitreous after implantation of the scleral plug contain-
ing ADR. The values are shown as mean� SD. Abbreviation: ADR, adriamycin. Source: From
Ref. 16.
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The BP concentrations in the vitreous and the retina–choroid after implanta-
tion are shown in Figure 14. The level of BP in the retina–choroid was significantly
higher than in the vitreous at all times. Both in the vitreous and in the retina–
choroid, maximum concentrations were observed at two weeks after implantation.
Thereafter, the levels of BP gradually decreased. The BP concentrations in the
vitreous and retina–choroid remained within the concentration range capable of
suppressing inflammatory responses (0.15–4.0 mg/mL) for more than eight weeks
(35–40). In the aqueous humor, BP was below the detection limit during the
observation period.

Figure 12 Profiles of in vitro release of BP from the implant. The values are shown as
mean� SD. Abbreviation: BP, betamethasone phosphate. Source: From Ref. 23.

Figure 13 Profiles of in vivo release of BP from the implant. The values are shown as
mean� SD; Abbreviation: BP, betamethasone phosphate. Source: From Ref. 23.
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SUMMARY AND FUTURE HORIZONS

In this chapter, we have described a variety of biodegradable polymeric devices, and
have presented data on two systems, scleral plugs and intrascleral implants, in more
detail. The scleral plugs are illustrative of intravitreal drug delivery systems in which
the released drug diffuses in the vitreous and reaches the retina. The intrascleral
implant is a transscleral drug delivery system in which the released drug diffuses into
the retina–choroid. A drug with low molecular weight can easily diffuse into intra-
ocular tissues after intravitreal administration. The ocular penetration of macro-
molecules such as antibodies is, however, generally poor. Especially in intravitreal
delivery of the drug, macromolecules cannot penetrate through the internal limiting
membrane of the retina (28). In contrast, macromolecules can reach the retina by
transscleral delivery (25,26). Therefore, drug delivery systems may be selected
according to drug characteristics or to target specific disorders.

The pathogenesis of several ocular disorders has been recently revealed by using
molecular biological techniques. Experimentally, specific agents such as genes, anti-
sense oligonucleotide therapy, antibodies, and growth factors have been reported to
be effective for the treatment of ocular diseases. However, efficient delivery systems of
those agents to target tissues are not available at present. Intraocular drug delivery sys-
tems using biodegradable polymers represent one promising method for that purpose.
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INTRODUCTION

As discussed in other chapters, drugs can be delivered locally to the retina and cho-
roid by intravitreous injection, or intravitreous biodegradable or nonbiodegradable
sustained delivery devices. However, with these methods, potential complications
such as retinal detachment, posterior dislocation, endophthalmitis, vitreous hemor-
rhage, and cataract formation are significant. Further, polymer implants easily
encase drugs with molecular weight less than about 1 kDa, but not antibodies against
growth factors and cytokines, which are much larger. Even with potential advances in
polymer technology that may accommodate larger molecules, a fundamental prob-
lem persists. The internal limiting membrane of the retina prevents diffusion of sub-
stances larger than about 4.5 nm in molecular radius (1,2), i.e., molecules (depending
on their shape) larger than 40–70 kDa cannot diffuse into the retina from the vitreous,
whereas antibodies (IgG) are about 150 kDa in size.

We and others have shown that transscleral delivery may be a viable modality
of delivering drugs to the posterior segment (3–6). The sclera has a large and acces-
sible surface area, and a high degree of hydration that renders it conducive to water-
soluble substances. It is also hypocellular and thus has few proteolytic enzymes or
protein-binding sites that can degrade or sequester drugs. The fact that scleral per-
meability does not appreciably decline with age (4) is serendipitous for the treatment
of chronic diseases such as diabetic retinopathy and age-related macular degenera-
tion, which affect older persons.

SCLERAL ANATOMY

The sclera is composed of collagen fibrils embedded in a glycosaminoglycan (GAG)
matrix. Scleral collagen is predominantly type I (7). Collagen types III, V, and VI,
VIII, and XII are also found in human sclera (8–12), while the lamina cribrosa
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and the vascular basement membranes in the neighboring choroid contain type IV
collagen (13).

The collagen fibrils are quite heterogeneous in diameter (25–300 nm) and inter-
woven into bundles of 500–600nm diameter (14). On the external surface of the human
sclera they are arranged in a reticular configuration with diameters of 80–140 nm,
while the internal fibrils are arranged in an irregular rhombic pattern (15). Collagen
bundles have a macroperiodicity of 35–75 nm and a microperiodicity of about 11 nm.
Elastic fibers and fibroblast processes are interposed between these bundles.

There are regional differences in the orientation of scleral collagen fibrils. In the
equatorial region, collagen fibrils are heterogeneous in diameter (25–300 nm) and
are arranged in lamellar bundles with random orientations.

The microscopic architecture of bovine sclera is similar. The inner collagen
layers demonstrate criss-crossed laminae while outer layers are more heterogeneous
and larger in diameter (16). The axial periodicity of the fibrils as revealed by atomic
force microscopy is 67 nm (17).

There is spatial variation of GAG composition within the sclera (18). Peripap-
illary sclera is rich in dermatan sulfate. The post-equatorial region is rich in chon-
droitin sulfate, while the equatorial sclera contains higher amounts of hyaluronic
acid. In the thin myopic sclera, there is a reduced concentration of GAGs (19). Diffu-
sion across sclera can occur through perivascular spaces, the aqueous media of the
gel-like mucopolysaccharides, and across the scleral matrix itself.

There is topographic variation in the density of scleral emissaries, with the tem-
poral sclera being most free of these vascular conduits (20). The landscape of scleral
thickness is quite varied. The mean thickness of human sclera is 0.53mm at the
limbus, 0.39mm at the equator, and 0.9–1.0mm near the optic nerve (21). However,
even these figures are subject to great variation, with equatorial thickness frequently
below 0.1mm. These factors would be important considerations in the placement of
a transscleral drug delivery device. With a mean total surface area of 16.3 cm2, the
sclera is an inviting portal for intraocular drug delivery.

IN VITRO STUDIES OF SCLERAL PERMEABILITY

The ease with which a molecule diffuses across a tissue can be characterized by its
permeability, measured in cm/sec. This value can be conceived of as the velocity
of the molecule across the tissue.

Several investigators have used a two-chamber diffusion cell apparatus to
characterize in vitro scleral permeability (3–5,22–25) to radioactively—or fluores-
cently—labeled compounds.

The common element of most such studies is the dissection and isolation of
scleral tissue, followed by placement of the sclera between two chambers represent-
ing the episcleral surface and the uveal surface. One chamber contains the labeled
compound, and the other chamber is sampled periodically after steady-state flux is
attained. Some studies have used an apparatus where the chambers are constantly
stirred. This may yield a higher apparent permeability by utilizing an unmixed depot
on the tissue surface where static boundary layers may exist. However the impact of
boundary layers on high molecular weight tracers is not expected to be significant,
especially when temperature fluctuations are minimal (26,27).

Bovine sclera is permeable to molecules as large as albumin (69 kDa) (3).
Human sclera is permeable to 70 kDa dextran (4), while rabbit sclera is permeable
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to 150 kDa dextran and IgG of the same molecular weight (5). More recently, organ-
cultured human scleral tissues have been shown to possess permeability characteris-
tics similar to donor human sclera (25).

We measured the permeability of rabbit sclera to a series of fluorescently labeled
hydrophilic compounds with a wide range of molecular weights and radii. Sodium
fluorescein, the smallest compound, had the highest permeability coefficient, whereas
150kDa dextran, which had the largest molecular radius, had the lowest permeability
coefficient. Our rabbit permeability data was quite similar to the reported permea-
bility of human sclera. Bovine scleral permeability was less than that of the rabbit
or human (Table 1).

The integrity of the fluorescent label conjugation to the parent molecule was
assessed by subjecting the ‘‘uveal’’ chamber contents to protein precipitation. The
fluorescence of the resulting supernatants was not different from that of the diffusion
medium, indicating there was no significant dissociation. We confirmed that our dif-
fusion apparatus preserved the anatomical and functional integrity of the sclera both
by electron microscopy and demonstrating similar permeability characteristics of
fresh sclera and stored sclera.

Scleral permeability declines exponentially with increasing molecular weight
(3–5,28). However, molecular radius is a much better predictor of scleral permeabi-
lity than molecular weight (5). For example, the globular protein albumin (69 kDa;
3.62nm) has higher scleral permeability than the linear 40kDa dextran (4.5 nm). Log-
linear regression analysis demonstrated that molecular radius was a better predictor
of permeability (r2¼ 0.87, P¼ 0.001) than molecular weight (r2¼ 0.31, P¼ 0.16). In
an ideal aqueous medium the Stokes–Einstein equation predicts that permeability
declines as a linear function of molecular radius. However, in porous diffusion through
a fiber matrix such as the sclera, permeability declines roughly exponentially with
molecular radius (29,30), as observed in our experiments.

We found that rabbit sclera was more permeable to bovine serum albumin and
IgG than to dextrans of comparable molecular weight. This disparity may stem from
differential binding of proteins and dextrans to collagen fibers in the hypocellular
sclera (30). It is also interesting that proteins, despite having greater numbers of
negative charges than dextrans, diffuse faster through sclera. This suggests that

Table 1 The Permeability of Sclera to Tracers of Varying Molecular Weight and Molecular
Radius

Tracer
Molecular
weight (Da)

Molecular
radius (nm)

Permeability coefficient
(�10�6 cm/sec) (mean� SD)

Sodium fluorescein 376 0.5 84.5� 16.1
FITC-D-4 kD 4400 1.3 25.2� 5.1
FITC-D-20 kD 19,600 3.2 6.79� 4.18
FITC-D-40 kD 38,900 4.5 2.79� 1.58
FITC-BSA 67,000 3.62 5.49� 2.12
Rhodamine D-70 kD 70,000 6.4 1.35� 0.77
FITC-D-70 kD 71,200 6.4 1.39� 0.88
FITC-IgG 150,000 5.23 4.61� 2.17
FITC-D-150 kD 150,000 8.25 1.34� 0.88

Abbreviations: FITC, fluorescein isothiocyanate; D, dextran; BSA, bovine serum albumin; IgG, immuno-

globulin G.
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molecular radius plays a greater role in determining scleral permeability than
molecular weight or charge, similar to diffusion through extracellular tissue in the
brain (31). Scleral permeability to the 70 kDa dextran is not significantly greater than
to the 150 kDa dextran, suggesting that the hydrodynamic radii of these molecules
within sclera is not identical to their molecular radii in aqueous solution. A similar
situation exists in brain tissue, where diffusion of 40 and 70 kDa dextrans are not
significantly different (32). These data are consistent with the existence of multiple
diffusion passages in sclera with varying size limitations.

Surgical thinning of the sclera predictably increases its permeability; however,
neither cryotherapy nor transscleral diode laser application alters permeability (4).
It also increases with increasing tissue hydration (28). Scleral permeability of small
molecules increases rapidly with increasing temperature (23). This low activation
energy supports the existence of an aqueous pore pathway rather than a transcellular
one. This paracellular pathway presumably traverses the aqueous media of the
mucopolysaccharide matrix.

Various prostaglandins (33) and their ester prodrugs diffuse across human
sclera (34). Hydrolysis of these ester prodrugs is less in the sclera than the cornea.
Thus, the sclera is relatively deficient in protease activity compared to the cornea.

Prostaglandins have been found to enhance human scleral permeability (25),
apparently via release of matrix metalloproteinases and subsequent collagen matrix
remodeling (35). Increased permeability also may result from reduction of intraocular
pressure. An increase of 15mmHg pressure reduces scleral permeability to small mole-
cules roughly by half (24). These authors demonstrated, using Peclet number analysis
(36), that intraocular pressure reduces permeability not by inducing counteraction
hydrostatic flow, but by compressing scleral fibers and narrowing diffusion pathways.

IN VIVO STUDIES OF SCLERAL PERMEABILITY

Anders Bill performed many of the initial studies demonstrating the movement
of macromolecules across the sclera (37,38). Following injection of radio- or dye-
labeled albumin, or red dextran of molecular weight 40 kDa into the suprachoroidal
space of rabbits, both substances passed out through the sclera and accumulated
in the extraocular tissues, suggesting that they diffused through the sclera via peri-
vascular and interfibrillary spaces. In studies of uveoscleral outflow in the cynomol-
gus monkey, Thorotrast particles (10 nm) were observed to enter the sclera but not
latex spheres larger than 100 nm (39). Thus, the sclera has a large pore area with little
restriction to flow.

The diffusion of small molecules across the sclera has been well characterized.
Various sulfonamides diffuse across rabbit sclera (40,41). In patients undergoing
cataract surgery, methazolamide, a hydrophilic compound, penetrated the sclera
much faster than the cornea, but ethoxzolamide, which is lipophilic, had similar
diffusion across the sclera and cornea (40). Other studies also have found greater
scleral permeability to hydrophilic molecules than lipophilic ones (42,43).

The importance of the transscleral route in the penetration of topically admin-
istered macromolecules was demonstrated by denying corneal access by affixing a
glass cylinder to the corneoscleral junction with cyanoacrylate adhesive (44). Signifi-
cant intraocular levels of inulin (5 kDa) were obtained by topical administration
outside the cornea in their paradigm. Neither reentry from the general circulation
nor delivery by local vasculature accounted for the intraocular levels of the drug.
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Contralateral tissue drug levels were <1% of those in the treated eye. Further, intra-
venous administration achieved <5% of the tissue levels attained after topical dosing.
These results imply that systemic absorption and intraocular reentry are not significant
routes of delivery. In animals where topical dosage was applied after sacrifice, there
was no significant difference in intraocular drug levels compared to live animals.
This implied that delivery by local vasculature was not a major component.

We studied the in vivo pharmacokinetics of transscleral delivery of IgG. We
used an osmotic pump, the tip of which was secured flush against bare sclera in
rabbits to facilitate unidirectional movement, to deliver fluorescently labeled IgG
(150 kDa) at rates on the order of mL/hr. Biologically relevant concentrations in
the choroid and retina were attained for periods of up to four weeks with negligible
systemic absorption (6). Levels in the vitreous and aqueous humors, and orbit were
negligible. Although there was a spatial concentration gradient, the IgG concentration
in the choroidal hemisphere distal to the footprint of the osmotic pump tip was half of
that in the proximal hemisphere. The elimination of IgG from the choroid and retina
followed first-order kinetics with half-lives of approximately two to three days.

Transscleral delivery is but a means to the end of achieving pharamacologic
effect. To confirm biological activity of an agent delivered via the transscleral route,
we used the following paradigm. Quite apart from its angiogenic action, VEGF
induces a phenomenon known as leukostasis, the adhesion of leukocytes to the vascu-
lar endothelium (45). This process is mediated by intracellular adhesion molecule-1
(ICAM-1), an endothelial cell surface receptor. Using an osmotic pump, we deliv-
ered a monoclonal antibody directed against ICAM-1 onto the scleral surface of
one eye of pigmented rabbits, and a control isotype antibody to the other eye.
In treated eyes, VEGF-induced leukostasis, as measured by tissue myeloperoxidase
(an enzyme abundant in leukocytes) activity, was inhibited in the choroid by 80%
and in the retina by 70%. We also determined that there was remarkable selectivity
of delivery, with an ocular concentration that was 700 times the plasma concentra-
tion (6). The delivery of drug to the retina may be somewhat surprising in the face
of the classical belief that the retinal pigment epithelium (RPE) forms a strict
barrier to drug penetration; however, a recent study has shown that even molecules
as large as 80 kDa dextrans can diffuse through this tissue (46).

Periocular (subconjunctival, peribulbar, retrobulbar) injections can deliver
drugs to intraocular tissues via transcorneal or transscleral diffusion, or systemic
absorption and recirculation. Small molecules such as hydrocortisone diffuse across
the rabbit sclera after subconjunctival injection (47). There is one report of a large
molecule (tissue plasminogen activator –70 kDa) reaching the vitreous cavity after
subconjunctival injection in rabbits (48). These authors suggested that most of the
penetration was via transscleral diffusion as levels in the plasma and fellow eye were
much lower than in the treated eye. However, other reports in humans suggest that
much of the intraocular delivery of subconjunctival or peribulbar injections is via
systemic absorption (49,50).

The high ocular selectivity in our experimental design may be due to the
sponge-like nature of the sclera. While bolus injections of drugs into the subconjunc-
tival space may overwhelm the absorptive capacity of the sclera, leading to systemic
absorption, the gradual delivery employed in our experiments may permit more
complete scleral absorption as the absorptive capacity of the sclera is more closely
matched to the rate of drug delivery.

Another drug delivery modality is iontophoresis, the application of an electrical
current to facilitate diffusion of an ionized drug across tissue barriers. von Sallmann
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(51,52) provided the first reports on transcorneal iontophoresis. This approach
was used to deliver various antibiotics into the anterior chamber (53,54) and vitr-
eous cavity (55).

Maurice was the first to report successful transscleral iontophoretic delivery of
fluorescein into the rabbit vitreous humor (56). Potentially therapeutic intraocular
levels of antibiotics (57–63), steroids (64), and anti-cytomegaloviral drugs (65,66), and
anti-fungals (67) have been achieved via transscleral iontophoresis in animal models.

The intensity and duration of the applied current, as well as the configuration
of the electrode determine the degree of intraocular penetration. Drug characteristics
such as its ionization and molecular shape also affect the rate of transscleral diffu-
sion. Hydrophilic drugs with low molecular weight that are ionized at physiological
pH are best suited for iontophoretic delivery. Negatively charged molecules pene-
trate much better than positively charged ones (58,63).

Retinal damage appears to be an undesirable companion of transscleral ionto-
phoresis. Retinal edema occurs within seconds of current application (56). Disrup-
tion of the normal retinal architecture, hemorrhagic necrosis, fibrosis, and RPE
hyperplasia are evident beneath the iontophoretic site (68,69), and multiple applica-
tions exacerbate these injuries (70). Loss of tissue integrity, although spatially con-
fined, may permit drug entry into the vitreous cavity or even the anterior segment
tissues. Drug stability to possible electrochemical reactions is another possible
limitation of this approach.

Several types of drug formulations have been reported to enhance sustained
delivery of various drugs with a view to clinical use. Poly(lactic-co-glycolic) acidmicro-
spheres have been used as an effective vehicle to deliver an anti-VEGF RNA aptamer
in a sustained fashion over 20 days, while preserving the drug’s bioactivity (71). Fibrin
sealants have been used to deliver carboplatin to the eye for up to two weeks (72). A
collagen matrix gel has been used to deliver cisplatin in a controlled-release fashion
that achieves higher intraocular concentrations than with the native drug (73). A bio-
degradable polymeric scleral plug delivering FK506 or betamethasone was found to
be highly effective in suppressing inflammation in experimental uveitis for up to one
month (74–76). Oligonucleotides have also been reported to traverse the sclera, with
obvious implications for the burgeoning field of gene therapy (77). The clinically used
anesthetic benzalkonium chloride was found to enhance transscleral penetration of
molecules as large as 20 kDa dextran into the retina and choroid (78).

FUTURE DIRECTIONS

The eye presents unique challenges to the delivery of drugs. When the demand for
sustained delivery to the target tissue is coupled with the desire to avoid systemic
exposure, circumstances are ripe for creative approaches. Transscleral delivery is a
nondestructive and minimally invasive method that achieves targeted delivery of
high molecular weight compounds to the posterior segment. This drug delivery
modality exhibits linear kinetics of absorption and elimination, with the potential to
deliver constant doses ofmedication. By bridging the potential of our deepening under-
standing of mediators of disease to the need for focused pharmacologic interven-
tion, transscleral delivery sits at the crossroads of molecular medicine and
ophthalmology. It is robust as it is not limited to delivering anti-angiogenic drugs,
but can be extended to neuroprotective agents or vectors for gene transfer, which
hold promise in the treatment of glaucoma and other chorioretinal degenerations.
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A long-term transscleral delivery device may be clinically feasible because the
human eye is remarkably tolerant of foreign bodies overlying the sclera, such as
scleral buckles used in treating retinal detachment, even for years. Moreover, human
sclera is hypocellular and has a large surface area, both of which facilitate diffusion.
While orbital clearance, intraocular pressure, uveoscleral outflow, choroidal blood
flow, and the blood–retinal barriers pose formidable hurdles, sustained, targeted
drug delivery to the choroid and retina in the clinical setting soon may be a reality.
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Nondegradable Intraocular
Sustained-Release Drug Delivery Devices
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IMPLANTED NONDEGRADABLE SUSTAINED-RELEASE DEVICES

Description of Drug Delivery System

Nondegradable sustained-release devices can be either matrix or reservoir systems.
In matrix systems, the drug is homogeneously dispersed inside the matrix material,
and slow diffusion of the drug through the polymatrix material provides sustained
release of the drug (Fig. 1A). Reservoir systems consist of a central core of drug
surrounded by a layer of permeable or semipermeable nondegradable material and
the majority of ocular nondegradable devices used clinically to date have been reser-
voir designs (Fig. 1B). Ocular nondegradable devices with a reservoir design typically
consist of a layer of permeable nondegradable material, such as polyvinyl alcohol
(PVA) typically surrounding the central drug core (1,2). The impermeable layer
surrounding the drug core is usually made of ethylene vinyl acetate polymer or
silicones which are used in conjunction with PVA to alter the surface area available
for release (Fig. 2) (1,2).

Spectrum of Diseases for Which This Delivery System
Might Be Appropriate

Their long duration of release means that nondegradable sustained-release implants
are suitable for treating chronic conditions such as glaucoma, cytomegalovirus
(CMV) retinitis, age-related macular degeneration, diabetes, and uveitis (1,3–8).
Nondegradable sustained-release devices may also have a role in delivering proteins
such as neuroprotectors in degenerative diseases such as retinitis pigmentosa as dis-
cussed in Chapter 8 (9).

Animal Models Used to Investigate the Applicability
of the Delivery System

A rabbit model of uveitis has been used to test nondegradable devices contai-
ning dexamethasone, fluocinolone acetonide, cyclosporin A, and a combination of
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dexamethasone and cyclosporin A (6–8,10–12). Uveitis was induced by initial
immunization of rabbits with H37RA-mTB antigen. The H37RA-mTB antigen is
a cell wall fraction of the Mycobacterium tuberculosis H37RA strain that is an atte-
nuated version of the virulent type M. tuberculosis H37RV strain. After the initial

Figure 2 Diagram of an ocular nondegradable device with a reservoir design. The central
drug core is surrounded by an impermeable nondegradable layer (dark gray) which is sur-
rounded by an outermost semipermeable nondegradable layer (light gray).

Figure 1 (A) Schematic drawing of a matrix design implant. (B) Schematic drawing of a
reservoir design implant. The nondegradable polymers are used as a coating around a drug
reservoir. Once the implant is in an aqueous environment, the implant starts to release the drug.

204 Cahill and Jaffe



immunization, eyes were challenged with intravitreal injections of the same antigen.
Some eyes were rechallenged with intravitreal antigen to mimic disease exacerbations
characteristic of chronic inflammation. In the models used for assessing corticosteroid
implants this method resulted in a nonspecific inflammatory response that consisted of
mononuclear and polymorphonuclear cellular infiltration, whereas in the model used
to assess the cyclosporin A device the antigen preparation was centrifuged prior to
insertion resulting in a more specific T-cell driven response (6).

Equine recurrent uveitis (ERU) is the primary cause of blindness in horses.
Like uveitis in human eyes, eyes with chronic ERU have a mononuclear cell infiltra-
tion consisting predominantly of CD4þ T lymphocytes with resultant elevated levels
of interleukin-2 (IL-2). An experimental model of ERU was developed to assess the
effectiveness of a nondegradable device containing cyclosporin A to treat ERU. In
this model, as described in the rabbit eye, peripheral immunization of a horse with
H37RA-mTB antigen, followed by an intraocular challenge with the same antigen
results in a predominantly monocellular inflammatory response similar to ERU
(13). Eyes were also rechallenged with antigen to simulate disease exacerbations.

A rabbit model to assess the possible neuroprotective effects of central acting
calcium channel blockers using a nondegradable sustained-release device has been
developed (3). In this model an intraocular infusion was used to elevate the intra-
ocular pressure (IOP). To assess the effects of the study drug, IOP was maintained
at 40mmHg for over an hour in both treatment and control eyes and was then
decreased to a normal level. The procedure was repeated at 48 and 72 hours to simu-
late IOP spikes in human eyes (3).

While a number of animal models of diabetic macular edema exist, sustained
delivery of steroids using a nondegradable device has not been tested in an animal
model (14,15). Other nondegradable sustained-release drugs that have been investi-
gated in vitro but not in animal models, include methotrexate and trimetrexate to
treat intraocular lymphoma, and disease 2-methoxyestradiol to treat choroidal
neovascularization (16–18).

Pharmacokinetic and Pharmacodynamic Studies Using
the Delivery System

As in the majority of intraocular drug delivery implants, nondegradable devices are
based on simple diffusion of the drug from the implant to the aqueous or vitreous. The
vitreous is in contact with the retina, and indirectly with the choroid and sclera,
the posterior chamber aqueous, and the posterior capsule of the lens. Drug molecules
released from the device diffuse throughout the vitreous and then move into the sur-
rounding boundary tissues. The vitreous concentration of any drug is dependent on
four factors that include device release rate, distribution volume of the posterior seg-
ment, intravitreal metabolism, and the drug elimination rate through the boundary
tissues. The distribution volume of the eye is determined by the size of the eye, the
amount of protein in the eye, and the lipophilicity of the adjacent boundary tissues.
Furthermore, despite its high water content, drug molecules are not uniformly dis-
tributed through the vitreous because the local concentration gradient is influenced
by different elimination rates through each boundary tissue (19).

As previously indicated, intraocular sustained-release delivery systems are of
two types. In matrix systems, the drug is homogeneously dispersed inside the matrix
material, and slow diffusion of the drug through the polymatrix material provides
sustained release of the drug. The kinetic release of drug in matrix systems is not
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constant and depends on the volume fraction of the drug in the matrix. This means
that the greater the concentration of the drug in the matrix the greater the release
from the system (20).

Reservoir systems consist of a central drug core surrounded by a layer of semi-
permeable nondegradable material. The release rate of the reservoir devices is based
on Fick’s law of diffusion and is determined by the area of release, the thickness of
the semipermeable coatings, the shape of the implant, and the ease with which the
drug diffuses through the semipermeable coating, which is also termed the diffusivity.
The release profile follows zero-order kinetics and is characterized by a minimal initial
burst of drug release followed by constant drug release over time.

Nondegradable implants have longer durations of action than biodegradable
implants, and the duration of release can be extended by increasing the amount of
drug in the core (2). Alternatively changing the solubility of the core drug can
increase the release duration. An example is fluocinolone acetonide, a lipophilic, syn-
thetic corticosteroid with a potency similar to dexamethasone. However, fluocino-
lone acetonide is 1/24th as soluble as dexamethasone, and can be released over a
much longer period of time than dexamethasone with a similar sized delivery system
(2). In vitro studies have demonstrated that nondegradable devices containing 2 and
15mg of fluocinolone acetonide release the drug in a linear fashion at a mean rate of
1.9 and 2.2 mg/day, respectively. These release kinetics result in a predicted lifespan
of 2.7 years for the 2mg device and 18.6 years for the 15mg device.

Silicone oil and polyfluorinated gases are frequently used as long-acting tampo-
nade following surgery to repair retinal detachments (21). Vitreoretinal surgery with
silicone oil or gas tamponade may be necessary during or following sustained drug
delivery device implantation. For example, intravitreal ganciclovir implants have
been placed during or prior to vitreoretinal surgery with silicone oil tamponade in eyes
with rhegmatogenous retinal detachment associated with CMV retinitis (4,22–24).
Accordingly it is important to know whether the drug release rate differs in the
presence of an intraocular tamponade.

Clinical and experimental studies have demonstrated altered intravitreal
pharmacodynamics when nondegradable implants containing ganciclovir are used
with silicone oil. Silicone oil-filled eyes have reduced distribution volume for ganci-
clovir when compared to eyes without, as the drug partitions into saline but not sili-
cone oil (P. Ashton, unpublished data). However, a rabbit study has demonstrated
that intraocular concentrations of ganciclovir are similar in eyes with and without
silicone oil and concluded that intravitreal drug concentration is independent of
the distribution volume (25). This paradox may be explained by a reduction in the
transretinal clearance rate. It has been assumed that a thin film of drug-containing
aqueous exists between the silicone oil and retina interface allowing drug delivery
to the whole of the retina as evidenced by adequate disease control in such eyes
(23). However, the silicone oil may reduce the time that the drug spends in contact
with the retina with a subsequent reduction in the transretinal drug clearance
(Fig. 3) (25). A subsequent clinical study of 19 patients with CMV retinitis
who had both a ganciclovir implant and silicone oil vitreous substitute demonstrated
that the implant retained its effectiveness when used in conjunction with silicone
oil (26).

An animal study using a rabbit model assessed the effect of intraocular gas on
intravitreal drug concentrations using a nondegradable sustained-release device con-
taining fluocinolone and 5-fluorouracil (27). Intraocular drug concentrations over a
6-week period were compared in eyes with drug devices that were injected with C3F8
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gas and control eyes with the same type of drug devices that received a sham injec-
tion. No measurable drug levels were detected in aqueous samples in either gas-filled
eyes or control eyes. After two days the intravitreal drug levels were higher in gas-
filled eyes than control eyes. This difference was probably the result of the smaller
volume of distribution in gas-filled eyes secondary to contraction of the vitreous
by the intravitreal gas bubble. After four days the intravitreal drug concentrations
were similar in both gas-filled and control eyes as steady-state concentrations inde-
pendent of volume of distribution were reached.

After three and six weeks, implants in gas-filled eyes had smaller amounts of drug
than implants in eyes without gas. The authors hypothesized that this discrepancy was
due to an increased drug clearance rate in gas-filled eyes secondary to transient dis-
ruption of the blood–retinal barrier caused by the intravitreal injection of C3F8 gas.
Maintenance of the steady-state level would then require a higher rate of drug release
from implants in the gas-filled eyes. If this hypothesis is true then nondegradable
sustained-release drug devices may have a shorter lifespan in gas-filled eyes (27).

It may be difficult to reproducibly alter the implant drug release rate to
respond to changes in the disease state. Ideally, a drug delivery system would release
drug when the intraocular disease is active, and would release just enough drug
during disease inactivity to maintain the eye in a quiescent state. In actual practice,
the amount of protein in an eye will alter the release rate of drug and eyes with high
levels of protein such as those seen in ocular inflammation result in higher release
rates. In vitro studies have demonstrated that daily fluocinolone acetonide delivery
is increased by 20% when placed in a protein-rich environment and returns to base-
line release rates when placed in protein-free media (Fig. 4) (2).

If these in vitro results also hold in vivo, more fluocinolone acetonide would be
released in actively inflamed eyes with great blood–ocular barrier breakdown and
higher intravitreal protein concentration than in quiet eyes. It is not possible to assess
the amount of drug remaining in a device by direct inspection. However, waiting for
reactivation of a disease such as CMV retinitis to indicate that device replacement or

Figure 3 Diagram of eye containing GCV implant and silicone oil demonstrating the
inferior placement of the GCV device in the aqueous phase of the vitreous. There is a layer
of aqueous phase between the silicone oil bubble and the retina. Note that the silicone oil
resides in the nondependent portion of the vitreous cavity. Abbreviation: GCV, ganciclovir.
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exchange is required can be problematic. Recurrent CMV retinitis in eyes treated with
an implant alone without supplementary systemic antiviral medication can be fulmi-
nant, as there is no low-level systemic drug state to prevent disease progression (28).

Results of Animal Model Studies

Sustained intraocular dexamethasone delivery has been shown to effectively treat
uveitis in a rabbit model (10). Masked observers graded intraocular inflammation
and retinal function was evaluated by electroretinography (ERG). Eyes that received
a sustained-release dexamethasone device had significantly reduced clinical signs of
intraocular inflammation when compared with control eyes that received a sham device.
Objectively, treated eyes had lower protein concentrations and leukocyte counts than
control eyes. Furthermore, untreated eyes had significantly depressed ERGs and more
histological evidence of tissue inflammation when compared with treated eyes (Fig. 5).

Antigen-rechallenged eyes treated with sustained-release dexamethasone also
had less inflammation than control eyes and late complications including corneal
neovascularization, cataract, and hypotony were less prevalent in treated eyes. A
separate toxicity study also demonstrated that sustained-release dexamethasone
was safe using clinical, electrophysiological, and histological parameters (12).

Figure 4 Fluocinolone acetonide release rates after nondegradable devices containing 2mg
drug were placed in PBS (open circles), then switched back to PBS with 50% plasma proteins
(closed circles), and then switched back to PBS (open triangles); n¼ 8 at each time point. Data
represent mean� standard deviation. First arrow denotes time at which devices were switched
from PBS to PBSþ plasma protein. Second arrow refers to time at which devices switched
back to PBS alone. Abbreviation: PBS, phosphate-buffered saline.
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Ideally a corticosteroid delivery device should provide therapeutic drug levels
over the duration of a given disease. As previously mentioned fluocinolone acetonide
has a low solubility in aqueous solution which is 1/24th that of dexamethasone and
this low solubility potentially could allow very extended drug release without
requiring an excessively bulky polymer system. To test this hypothesis an in vivo
safety and pharmokinetics study in the rabbit eye was performed (7). In this study,
eyes implanted with a sustained-release fluocinolone acetonide device had no clinical
evidence of toxicity either from the device itself or the contained drug, when compared
with fellow, control eyes. Retinal function was determined using scotopic ERG and
measured as a ratio of the experimental eye B-wave amplitude to the fellow, control
eye B-wave amplitude. While a slight decrease in the B-wave amplitude was seen in
experimental eyes, with the exception of the 28-week time point, this difference was
not statistically significantly different from baseline values and overall the retinal
function remained normal (Fig. 6) (7). Furthermore, histological analysis of two eyes
that had nondegradable devices implanted was similar to that of two normal fellow
eyes that did not receive a sustained-release device (Fig. 7).

Figure 5 Histological sections of rabbit eyes with experimental uveitis. (A) In an untreated
eye there is focal granulomatous inflammation involving vitreous, retina, and choroid. The
photoreceptor layer is completely destroyed (hematoxylin and eosin�250). (B) High-power
view of sections of the retina in an untreated eye. There is marked inflammatory cell infiltra-
tion. Note the absence of outer segments and disorganization of the inner segments of the
photoreceptor layer (toludine blue�625). (C) In an eye treated with a dexamethasone
sustained-release implant, inflammation is minimal and the tissue integrity is preserved
(hematoxylin and eosin�250).
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Systemic cyclosporin A is effective in treating experimentally created uveitis
and chronic uveitis in humans (29–32). However, cyclosporin A has significant
side effects when administered systemically and is poorly absorbed when applied
topically to the eye. To avoid the systemic side effects of cyclosporin A and to
circumvent its poor topical penetration a nondegradable device containing cyclos-
porin A was developed (11). The device can produce constant levels of cyclosporin
in the vitreous and ocular tissues for as many as nine years (11,12). There was no
clinical or histological evidence of toxicity after sustained release of cyclosporine in
either the rabbit or primate eye (11,12). Electrophysiological tests demonstrated
reversible decreased ERG B-wave amplitude in rabbit eyes but this change was
not seen in the primate eye (Fig. 8). This difference may be explained by the more
complete retinal vasculature in the monkey eye or by the higher susceptibility of
rabbit cells to drug toxic effects (33). Anatomical similarities between the primate
and human eye suggest that sustained release of cyclosporine would not be toxic in
the human.

A sustained-release device containing cyclosporin A has been evaluated in a
rabbit model of experimental uveitis (6). The model has been described earlier and
involved initial subcutaneous immunization of the rabbits followed by an intravitreal

Figure 6 ERG B-wave amplitude ratios (drug device implanted eye/fellow eye) in normal
rabbit eyes with a fluocinolone acetonide sustained-release device in one eye. The dark adapted
B-wave amplitude ratio was initially slightly greater than one during the first three weeks of
the study. Thereafter, levels remained near one for more than one year after device implanta-
tion. At 28 weeks, the B-wave amplitude ratio was lower than at other time points (approxi-
mately 0.75; P< 0.05); however, by 54 weeks the ratio (0.89) was once again not significantly
different from 1 (P¼ 0.17). Abbreviation: ERG, electroretinography.
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Figure 8 ERG B-wave amplitude ratios (drug device implanted eye/fellow eye) in normal
rabbit eyes with a cyclosporin A/dexamethasone sustained-release device in one eye. There
was a significant depression in B-wave ratios from weeks 1 to 11 (P< 0.05). Maximum depres-
sion occurred at four weeks when photopic ERGs showed a 35% reduction in B-wave ratio
while scotopic ERGs showed a 42% reduction. Both photopic and scotopic ERGs returned
to normal by week 12. The B-wave latencies under both photopic and scotopic conditions were
normal throughout the course of the study. Abbreviation: ERG, electroretinography.

Figure 7 Histological sections of a normal rabbit eye that received a 15mg fluocinolone
acetonide sustained-release device demonstrated normal uveal anatomy. (A) Iris and ciliary
body (hematoxylin and eosin�12). (B) Retina in the region of the medullary ray. There is
an artifactual retinal detachment (hematoxylin and eosin�40). (C) High-power view of B
(hematoxylin and eosin�100).
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challenge of tuberculin antigen, with rechallenges in a number of animals to simulate
chronic inflammation. Study eyes, which received devices containing cyclosporin A,
had significantly less clinical signs of intraocular inflammation than control eyes that
received a sham device. Furthermore, control eyes had significant ERG B-wave
amplitude depression and had marked histological evidence of tissue inflammation
and disorganization when compared with treatment eyes. Intravitreal cyclosporin A
remained at therapeutic levels for six months while systemic levels of cyclosporin A
were either low or nondetectable (6).

In the previously described horse model of experimental uveitis, eyes that
received a cyclosporine A containing sustained-release device had less severe clinical
signs of inflammation after intravitreal antigen rechallenge when compared with eyes
that received a polymer-only sham device (34). Furthermore, the duration of clinical
signs of inflammation was shorter in eyes that had a cyclosporin A device than
those that did not have one. Aqueous and vitreous levels of protein, IL-2, and inter-
feron gamma mRNA were significantly lower in eyes that received a cyclosporin A
device when compared with those eyes with a polymer-only device. Similarly, the
total number of infiltrating cells, the number of T lymphocytes, and the amount
of tissue destruction was significantly less in eyes treated with cyclosporin A than
controls. Interestingly, the cyclosporin A device did not completely eliminate the
development of a second recurrent episode of uveitis in these animals, which may
be explained by the fact that vitreous concentrations of cyclosporin A were below
therapeutic levels.

Nondegradable sustained-release cyclosporin A devices have been well toler-
ated for up to 12 months in horses with normal ocular examinations. Scotopic ERGs
were unchanged in eyes receiving drug-containing devices and those that received
sham devices. Two cases of endophthalmitis were attributed to complications of
the implantation surgery, while histological examination of uncomplicated eyes
demonstrated only mild lymphoplasmacytic infiltration in the ciliary body and pars
plana at the implantation site (34). In a subsequent study of horses with ERU, a
device releasing 4 mg of cyclosporin A per day can reduce clinical evidence of intrao-
cular inflammation, significantly reduce the number of recurrent episodes of uveitis
per year and stabilize visual acuity in the majority of eyes (35).

A nondegradable device containing the centrally acting calcium channel
blocker nimodipine has been tested in a previously described animal model of glau-
coma. Eyes that received the device had no evidence of toxicity or inflammation
when compared with control eyes that did not have an implant. Retinal function
was measured using ERG at baseline and after elevation of the IOP to 40 mmHg
for one hour on three occasions. In control eyes ERGs were markedly reduced after
one IOP spike but ERGs remained normal in eyes with the nimodipine device
even after three pressure spikes. These results suggest that long-term neuroprotec-
tion with nimopidine in eyes with glaucoma may be possible and warrants further
study (3).

A recent animal study has demonstrated that it is possible to achieve therapeutic
intraocular concentrations of methotrexate without clinical or electrophysiological
evidence of retinal toxicity (36). Nondegradable sustained-release devices containing
MTX and trimetrexate which could be used to treat intraocular lymphoma have also
been developed and initial in vitro pharmacokinetic studies have been performed.
However, the nondegradable devices containing these drugs have not been assessed
in normal animal eyes or in animal models of disease. Similarly, a nondegradable
device with a thalidomide drug core has been assessed in vitro with an aim to
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eventually treat choroidal neovascularization but has not been applied in an animal
model of this disease.

Techniques for Implanting or Placing the Implant in Humans

Nondegradable sustained-release devices such as the ganciclovir implant and flucino-
lone acetonide implants are inserted through the pars plana (7,22,37). Nonde-
gradable implants should be prepared before the eye is opened (7,22,37). Some
preparation of the implants is required; the ganciclovir device suture strut must be
trimmed to a length of 2.0mm, and a hole is created 0.5mm from the end of the strut
for the anchoring suture (Fig. 9). It is not necessary to trim the fluocinolone ace-
tonide implant suture strut. Typically a double-armed 8-0 suture passed also-full
thickness sclera has been used (7,22,37). Recently there have been reports of spon-
taneous implant dislocation when nylon sutures have been used and less degradable
suture materials such as prolene are now recommended to anchor the device to the
sclera (38).

Insertion of an infusion cannula through the pars plana before placement of
the implant is not necessary unless the eye has already undergone a vitrectomy.
Optimally, the device should be inserted in the inferior quadrant unless there is
a contraindication such as an existing implant(s) or tractional retinal detachment.
As the future development of a retinal detachment is possible, particularly in
patients with CMV retinitis, inferior placement of the device maximizes the likeli-
hood that it would remain in an inferior aqueous meniscus, if vitreoretinal surgery
is required. After a local peritomy is made, the ganciclovir devices are placed
into the vitreous cavity via a 5–6mm pars plana incision, 4mm behind, and

Figure 9 Photograph of a prepared ganciclovir implant prior to implantation. A hole has
been placed in the strut 1.5mm from the base. The strut has also been trimmed so that the dis-
tance from the hole to the end of the strut is no more than 0.5mm and there are no sharp edges.
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parallel to the corneoscleral limbus. It is important to inspect the wound to ensure
that the pars plan has been completely incised to avoid placing the device in the
suprachoroidal space. One advantage of newer nondegradable devices, such as
those containing flucinolone acetonide, in comparison with the ganciclovir implant
is their smaller size (7). Accordingly, these devices can be inserted through a
smaller scleral incision, typically 3–3.5mm.

Correct orientation of the two arms of the anchoring suture is important and
the implants should have the drug disk facing anteriorly. The anchoring suture is
closed securely and its ends are left long. The scleral wound is then closed with a run-
ning or X closure using 8-0 or 9-0 suture tied over the tails of the anchoring suture.
The incision for the fluocinolone acetonide implant is typically closed with inter-
rupted buried 9-0 prolene sutures tied tightly over the anchoring suture tails. The
loose ends of the anchoring suture are positioned under the closing suture to prevent
cut ends eroding through the conjunctiva (Fig. 10). The IOP should be normalized
with balanced salt solution before final suture tightening to reduce postoperative
astigmatism. During these steps prolapsed vitreous is removed with a vitreous cutter
or a cellulose sponge and scissors, but routine complete vitrectomy may be

Figure 10 Diagram showing three methods of wound closure after insertion of a ganciclovir
sustained-release device. (A) Wound closure with an X suture on either side of the anchoring
suture. Note that the X suture is started within the wound so that the knot remains buried
when the suture ends are trimmed. The long ends of the anchoring suture are placed under
the two X sutures. (B, C) Wound closures with a running suture. Note that the suture is started
within the wound so that the knot remains buried when the suture ends are trimmed. The long
ends of the anchoring suture are placed under the running suture.
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associated with a higher rate of complications. At the end of the procedure the posi-
tion of the implanted device is verified with indirect ophthalmoscopy.

Although uncommon, the insertion of nondegradable sustained-release devices
can be associated with a number of complications (7,22,23,39). These include astigma-
tism, wound dehiscence (1.0%), foreign body reaction, hypotony (1.9%–3.6%), ele-
vated IOP (3.7%), hyphema (2.1%–8%), uveitis (1.8%–3.9%), cystoid macular
edema (0.9%–5.9%), epiretinal membrane (3.7%), endophthalmitis (3.3%, 0%,
1.8%), cataract formation (3.9%, 11.7%), vitreous hemorrhage (3.3%–23%), retinal
tears (3.8%), retinal detachment (5.4%–25%), and suprachoroidal placement (2.1%)
(4,22–24,39–44).

The specific disease may determine whether one replaces an empty device.
Patients with CMV retinitis who received a ganciclovir implant may not need
another device if they are immune reconstituted (see Chapter 21). For patients with
uveitis the need for further implants depends on the disease activity and can be
made on a case-by-case basis. Empty devices can be either exchanged for a full
one, or another device can be inserted at a site either contiguous to the initial site,
or in a completely separate location (28,43,45). Typically, if the device is removed,
the new implant is placed in the same site (28,45). Placing subsequent devices
into the same site has the advantage of reducing the extent of the circumferential
incision in the eye. However, removal of the implant can be difficult due to fibrosis
of the support strut (28,45). Removal or exchange of nondegradable sustained-
release implants have similar complications as those seen with first implantation
(28,43,45). However, complications particularly associated with removal of nonde-
gradable devices include loss of the device into the vitreous cavity, separation of
the pellet from the support strut, vitreous hemorrhage, particularly with repeated
same site exchanges, and thinning of the sclera resulting in wound leakage
(28,45,46). An increased incidence of retinal detachment is not associated with
implant exchange when compared with contiguous site or separate site implant
insertion (28,43,45).

Future Horizons

The two main future developments in nondegradable sustained-release devices will
be intraocular delivery of proteins and genes, which have been discussed in other
chapters, and further applications of conventional medications. The potential
developments using conventional medication cores are numerous. One option is
to vary the drug solubility to alter drug delivery duration. Alternatively drug deliv-
ery can be prolonged by increasing the amount of drug in the reservoir (which
would require increased device length or width). Current drug cores have been used
to treat a number of different diseases as evidenced by current studies of steroid
devices to treat uveitis and diabetic macular edema (see Chapters 17 and 19). Simi-
larly, other medications such as methotrexate may have a role in treating uveitis and
ocular lymphoma. Different drugs could be combined to treat concomitant diseases
an example of which is combining a steroid core with antiglaucoma medications
to prevent steroid-associated elevations of IOP. Finally, further investigation of
medications such as mycophenolate mofetil and infliximab, and tumor necrosis fac-
tor antibody that are presently used to treat ocular disease systemically could result
in new medication cores to treat a variety of diseases locally using sustained-release
devices.
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IMPLANTED MICRODIALYSIS PROBES AS SUSTAINED-RELEASE
DRUG DELIVERY SYSTEMS

Description of Drug Delivery System

Microdialysis was originally developed tomonitor endogenous compounds in the cen-
tral nervous system and consists of a semipermeable membrane through which small
molecules can diffuse without any fluid transfer (47). Themicrodialysis probe typically
consists of an episcleral fixation plate, a guide tube and a dialysis membrane, made of a
polycarbonate–polyether copolymer or polyamide (Fig. 11) (48). The probe is inserted
4–6mm behind the limbus through a 0.9-mm opening, and sutured to the eye with the
tip of the probe containing the dialysis membrane directed as much as possible into the
central vitreous. In previous animal studies, connecting tubes from the probe were
passed under the skin of the forehead and out between the animals’ ears.Microdialysis
probes can both deliver substances into the vitreous, and remove endogenous mole-
cules to allow analysis of the intravitreal environment (48,49).

The main advantage of the microdialysis probe is that the amount of adminis-
tered drug can be altered at anytime. This is in contrast to an implanted nondegrad-
able sustained-release device which delivers the whole dose of drug at a
predetermined rate unless it is removed. Furthermore, microdialysis probes deliver
the drug without changing the intraocular volume and can provide information
about the intravitreal environment. The main potential disadvantage of the micro-
dialysis probe is that permanent access to the vitreous cavity increases the risk of
intraocular infections. However, no cases of endophthalmitis were reported in pre-
vious animal studies. The microdialysis experiments also required that the connect-
ing tubes remain in place for as long as the probes were in use, which would not be
practical in humans.

Figure 11 Semidiagrammatic representation of the microdialysis probe in the rabbit eye.
The episcleral fixation plate (F) of the probe measured 5.0� 3.5mm, the guide tube (G)
4.0� 1.0mm. The dialysis membrane tube (D) measured 4.0� 0.8mm and had a wall thick-
ness of 19mm. Abbreviations: C, Cornea; I, iris; R, retina; Ch, choroid; S, sclera.
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Spectrum of Diseases for Which This Delivery System
Might Be Appropriate

Asdescribed below,microdialysis probes have been used to deliver therapeutic concen-
trations of drugs that may be useful to treat a variety of retinal diseases (50–52). Drugs
that targetmacular edema, syphilis, CMV retinitis, proliferative vitreoretinopathy and
retinal degenerative diseases have been tested. However, treatment for other condi-
tions with this approach, particularly intraocular malignancy, could be envisioned.

Animal Models Used to Investigate the Applicability of
the Delivery System

Microdialysis probes are still in the early stages of development and their use against
specific diseases has not been investigated in any animal models.

Pharmacokinetic and Pharmacodynamic Studies Using
the Delivery System

In vitro and in vivo experiments were carried out to determine the transport capacity
of various dialysis membranes. Using an average perfusion rate of 4 mL/min it was
noted that polycarbonate membranes tended to retain some drugs in an unpredict-
able manner, a characteristic not seen with polyamide membranes. Furthermore,
the transport capacity of the probes was not just dependent on the area of the
dialysis membrane, but was also proportional to the length of the membrane, and
inversely proportional to its width. This effect of probe width on the total delivery
capacity is explained by the fact that flow rates are approximately 7.5 times slower
in wide tubes and when compared with narrow tubes, fewer molecules are close
enough to the tube wall in wide tubes to diffuse out. Practically speaking, the longer
and thinner a dialysis membrane is, the more molecules it will be able to deliver. No
difference in transport capacity was found in the two different types of dialysis
membrane types when their dimensions were the same.

While microdialysis probes have the ability to deliver drugs to the vitreous,
they can also withdraw intravitreal molecules. However, the ability to recover mole-
cules from the vitreous is inversely proportional to the perfusion speed of the probe,
which is in contrast to the higher perfusion speeds required for higher delivery capa-
city. This paradox is important when microdialysis probes are being considered to
simultaneously deliver drugs to, and withdraw samples from, the vitreous cavity.
Furthermore there is no precise method to predict the dialysis results, as many fac-
tors affect the transport of molecules across the dialysis membrane. Some of these
influencing factors are known such as the length of time the probe has been in place,
while others are not, and relate to the complexities of the probe geometry and its
interactions with a given surrounding media, neither of which have not been fully
explained mathematically (53).

Results of Animal Model Studies

Both short- and long-term studies of the effectiveness of permanently implanted
probes have been undertaken in the rabbit eye, and in one study probes remained
in place for up to six months (48,49,54–58). An early rabbit study of microdialysis
probes determined the optimum surgical technique to insert the probes and examined
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histological sections of eyes that had received them. Probes were inserted through an
opening in the nasal sclera (the inlet tube), passed across the eye, and exited through
the temporal sclera (the outlet tube) (49). Data on the first 11 of 27 probes implanted
were not reported, but in the remaining 16 eyes, three probes were lost as a result of
the animal pulling the probe out. There was minimal inflammation of the eyes and no
cases of endophthalmitis. Cataract was seen in earlier experiments and was attributed
to accidental lens touch. Initial probes clogged within two weeks but regular perfu-
sion of the probes in later animals prevented this complication. Histological analysis
of eyes after implantation demonstrated minimal tissue reaction at wound sites and
no inflammatory reaction around the probe (Fig. 12) (49).

A later experiment modified the microdialysis probe with both inlet and outlet
probes mounted on a single stiff tube, which meant that only one opening was
required in the eye. In total, microdialysis probes were inserted into one eye of 10
rabbits. As in the previous experiments there was minimal ocular inflammation
and there were no cases of endophthalmitis. The probes were perfused each day to
prevent clogging (48). The probes were left in situ for an average of 20.8 days and

Figure 12 Histological section showing a microdialysis probe in a rabbit eye showing part of
the dialysis membrane near the probe tip. The probe had been in the eye for 30 days. There is
no inflammatory reaction and the structure of the overlying retina, retinal pigment epithelium,
and choroid is normal. There is an artifactual retinal detachment that occurred during
preparation of the section (hematoxylin and eosin�3584).
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histological examination of the eyes demonstrated minimal gliotic tissue around the
wound site but no inflammation around the probe. The retina appeared normal.

A number of subsequent experiments which estimated intravitreal drug
concentrations administered using the microdialysis probe were reported (50,51).
Benzyl penicillin, dexamethasone, 5-fluorouracil, daunomycin, and ganciclovir were
radiolabeled and 120–140 mL of each drug was infused into the vitreous. The animals
were subsequently killed and the vitreous concentration of the drug was calculated
using liquid scintillation spectrometry. It was possible to achieve therapeutic concen-
trations of each of the drugs in the vitreous without reaching the maximum transport
capacity of the probes. The authors concluded that it was possible to reach clinically
useful concentrations of these drugs which had known clinical applications using the
microdialysis probe (50,51).

Techniques for Implanting or Placing the Implant in Humans

Implanted microdialysis probes are still in the early stages of development and they
have not been implanted in humans.

Future Horizons

It is likely that future developments of microdialysis probes will focus on experimen-
tal models as long-term implantation of these devices in humans may not be feasible
in view of the risk of intraocular infection and the probability of dislodging the
device during normal daily activities. However, potential human applications could
include delivery of relatively short courses of intraocular chemotherapy for retino-
blastoma or ocular lymphoma.

MICROELECTROMECHANICAL SYSTEMS DRUG DELIVERY DEVICES

Description of Drug Delivery System

Microfabrication technology has enabled the development of active devices incorpor-
ating micrometer scale pumps, valves, and flow channels to deliver liquids (59,60).
A solid-state silicon microchip has been developed that can provide controlled release
of single or multiple chemicals on demand in laboratory experiments (61). The micro-
chip devices have no moving parts and consist of a standard silicon wafer containing
reservoirs with a volume of 25 nL that extend completely through the wafer. The reser-
voirs are square pyramidal in shape and the surface of thewafer with the smaller square
ends of the reservoirs are covered with a gold membrane anode 3-mm thick. After
filling of the reservoirs using conventional inkjet printing techniques coupled with a
computer-controlled alignment apparatus, the reverse face of the chip is closed with
a thin layer of plastic and sealed with a waterproof epoxy (Fig. 13) (61). Furthermore,
a microbattery, microcircuitry, and memory could also be contained in the chip.
The smallest chip size available at present is 1-cm square.

Spectrum of Diseases for Which This Delivery System
Might Be Appropriate

Microelectromechanical systems (MEMS) devices can potentially administer complex
dosing patterns using very small amounts of drugs. This system could be used to deliver
protein molecules intraocularly such as neuroprotectors or anti-angiogenic molecules.
Delivery of chemotherapeutic agents using theMEMSmay also be a future possibility.
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Animal Models Used to Investigate the Applicability
of the Delivery System

MEMS devices are still in the early stages of development and their use against
specific diseases have not been investigated in any animal models.

Pharmacokinetic and Pharmacodynamic Studies Using
the Delivery System

In vitro release experiments were performed which consisted of immersing the devices
in a buffer solution formulated to mimic the body’s pH and chloride concentration.
Passage of a small electrical potential along the gold anode covering a single reser-
voir in the presence of chloride ions results in soluble gold chloride complexes,
dissolution of the gold membrane, and release of the marker chemicals (Fig. 14).
Gold has the advantage of being a biocompatible material and is consistently solu-
ble after passage of the current, in contrast to other metals such as copper and
titanium (62).

Further release experiments on the microchips have demonstrated that multiple
reservoirs could be opened at different times in a single device. Passage of a current

Figure 13 Diagrams of a prototype of a MEMS drug delivery device incorporating multiple
sealed compartments that can be opened on demand to deliver a drug dose. (A) Prime grade
silicon wafers are sandwiched between two layers of silicon nitride and each device contained
reservoirs that extended completely through the wafer. The devices also contain a cathode and
an anode between which small electric potentials can be passed. (B) Each reservoir is square
pyramidal in shape with one large and one small square opening. The reservoirs have a volume
of approximately 25 nL and are sealed on the small square end with the anode which is a
0.3-mm thick gold membrane. Abbreviation: MEMS, microelectromechanical systems.
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along the electrode over one reservoir resulted in release of marker chemicals in a
controlled fashion, without activating adjacent reservoirs. This individual control
of multiple reservoirs creates the possibility of achieving complex release patterns of
multiple drugs from one device.

Results of Animal Model Studies

Biocompatibility and biofouling studies of a MEMS device have been undertaken in
a rodent model. Biocompatibility of the MEMS components which include metallic
gold, silicon nitride, silicon dioxide, silicon, and SU-8 TM photoresist were evalu-
ated using a stainless steel cage system measuring 3.5� 1.0 cm which were implanted
subcutaneously in the rodent. The inflammatory response, measured using leukocyte
concentrations extracted from cage exudates, of the device components was similar
to that of control cages over a 3-week period (63). Furthermore, all the components
with the exception of silicon demonstrated reduced biofouling as shown by scanning
electron microscopy studies of macrophages and foreign body giant cells on the sur-
faces of the material three weeks after subcutaneous implantation in the rodent. The
good biocompatibility and biofouling profiles of the MEMS components suggest
that long-term implantation would not interfere with the drug delivery capability
of the devices (63).

Previous researchers have implanted microchips into the eye in order to stimulate
the retina in patients with neuroretinal degenerations (64,65). While these experiments
provide proof of the principal that implantation of intraocular microchips is possible,
there are a large number of factors that have yet to be considered (66). The microchips
were not implanted in the eye for prolonged periods and the degradation profile of such
microchips has not been studied. Other important possible complications of prolonged
microchip implantation requiring evaluation include the immune response to the chip,
the retinal effects of long-term intraocular electrical stimulation (albeit with very low
current levels), and the thermal effects of a long-term intraocular electrical current.

Figure 14 Scanning electromicrograph of a single reservoir in a prototypical MEMS drug
delivery device. (A) The gold anode is in place over the small square end of the reservoir.
(B) After passage of a small electrical potential the gold anode has dissolved. Abbreviation:
MEMS, microelectromechanical systems.
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Techniques for Implanting or Placing the Implant in Humans

MEMS devices are still in the early stages of development and they have not been
implanted in humans.

Future Horizons

At present MEMS devices are probably too large to be inserted into the eye. Further
development of retinal prostheses coupled with clearer understanding of the effects
of the microelectrical currents and nonorganic components of the devices on the
ocular tissues may result in intraocular applications for MEMS drug delivery
devices. The complex delivery patterns possible with these devices may allow treat-
ment of diseases with minimal amounts of conventional medications or proteins
either in combination or alone.
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Photodynamic Therapy in Human
Clinical Studies: Age-Related
Macular Degeneration
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INTRODUCTION

The current use of photodynamic therapy (PDT) is founded on evidence from a series
of well-designed clinical trials. Work in animal models clearly demonstrated the ther-
apeutic potential of PDTwith verteporfin for choroidal neovascularization (CNV) (see
Chapter 9). These preclinical studies proved that verteporfin PDT could occlude
experimental laser-induced CNV, confirmed by cessation of angiographic leakage
on fluorescein angiography and thrombosis of vessels on histologic examination (1–
3). Treatment parameters for maximum selectivity were refined by manipulating drug
and light doses and the timing of light irradiation, resulting in minimal effect on the
choroid and surrounding retina. Although damage was noted at the level of the chor-
iocapillaris and retinal pigment epithelium (RPE), recovery of these structures was
observed after both single and repeated PDT (4,5). The preclinical data provided the
rationale for a clinical Phase I and II study to assess the safety of PDT and to determine
themaximum tolerated dose of PDTusing verteporfin for treatment ofCNV.Based on
encouraging results from these Phase I and II investigations, large Phase III trials
followed, providing guidelines for the application of PDT in clinical practice today.

PHASE I/II DESIGN AND METHODOLOGY

Single Treatments

The study was a nonrandomized, multicenter, open-label trial using five different
dose regimens with inclusion and exclusion criteria as shown in Table 1 (6). The
primary requirement consisted of subfoveal CNV with some classic component.
Standardized protocol refractions, visual acuity determinations, complete ophthal-
mic examinations, color fundus photography, and fluorescein angiography were per-
formed at baseline (between one and seven days prior to the day of treatment), and

PART III: LOCAL DRUG DELIVERY APPROACH TO SPECIFIC CLINICAL DISEASES
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at weeks 1, 4, and 12 of follow-up. Repeat visual acuity testing without refraction
was also performed on the day of treatment and one day after treatment. Additional
testing was carried out at week 2 if any ocular adverse event was noted at week 1, or
at any time between visits, if judged to be clinically indicated. In addition, each
patient had a physical examination with measurement of vital signs and an electro-
cardiogram at baseline and week 12. Laboratory testing, including a complete blood
count, serum cholesterol, triglycerides, blood urea nitrogen, creatinine, electrolytes,
calcium, phosphorus, glucose, protein, albumin, bilirubin, liver function tests, and
urinalysis was performed at baseline and at weeks 1 and 12.

The size of the treatment spot was calculated according to the baseline fluor-
escein angiogram. The greatest linear dimension of the neovascular lesion was
measured and this dimension was divided by 2.5 to account for the magnification
of the camera systems, yielding the size of the lesion on the retina. A 600-mm border
was added to the dimension on the retina to provide at least a 300-mm border at all
edges. In some cases, the resulting treatment border at a given edge was >300 mm,
but was always < 500 mm. This border provided a margin beyond the CNV detected
angiographically and also allowed for adequate treatment despite small errors in the
size calculation due to the optics of individual eyes and any small movement by the
patient or treating physician during irradiation.

Table 1 Eligibility Criteria for Phase I and II Studies

Inclusion criteria
Clinical signs of CNV due to any cause
CNV under the geometric center of the foveal avascular zone (subfoveal)
Some classic CNV (occult CNV could, but need not be present)
Greatest linear dimension of entire CNV �5400mm diameter
Nasal side of CNV �500 mm from temporal border of optic nerve
For CNV lesions recurring after standard laser therapy, foveal center must not have been
included in area treated by laser

Best-corrected visual acuity of 20/40 or worse
�50 yrs of age
Exclusion criteria
Tears of the RPE at screening
Vitelliform-like detachment retinal pigment epithelium
Central serous retinopathy
Drusenoid pigment epithelium detachment alone
Additional retinovascular diseases compromising visual acuity of study eye
Use of investigational drugs, systemic steroids, cytokines or photosensitive drugs
in past 3 mos

Significant hepatic, renal or neurologic disease
Class III or IV cardiovascular disease (New York Heart Association functional status
criteria)

Porphyria, porphyrin sensitivity, hypersensitivity to sunlight or bright artificial light
Any malignancy treatment
Any acute illness during screening or fever on day of treatment prior to verteporfin
infusion

Uncontrolled hypertension
Ocular surgery within 3 mos prior to study treatment

Abbreviations: CNV, choroidal neovascularization; RPE, retinal pigment epithelium.

Source: From Ref. 6.
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Five treatment regimens as shown in Table 2 were applied to determine
whether variations in dosimetry could achieve more persistent closure of CNV. In
the first three treatment regimens, the light dose (fluence) was escalated using
50, 75, 100, and 150 J/cm2, with a minimum of three patients at each light dose.
In regimen 4, the 150 J/cm2 light dose was not included because of nonselective
retinal vessel occlusion seen with this light dose in regimens 2 and 3. In regimen 5,
lower light doses of 12.5 and 25 J/cm2 were included, in addition to 50 J/cm2.

Retreatment Regimens

As preliminary results showed that the effect of verteporfin PDT on angiographic
leakage from CNV was only temporary, additional regimens involving retreatment
at two- and four-week intervals were designed (7). Prior studies of repeated PDT
treatments in normal monkey eyes had suggested the safety of retreatment, demon-
strating drug dose-dependent recovery of the retinal pigment epithelium (RPE) and
choriocapillaris with minimal damage to the photoreceptors. Two sets of patients
were studied, the first group undergoing retreatment two to four weeks after the
initial PDT treatment. A second set of patients from the single treatment protocol
was reenrolled in a retreatment protocol sometime beyond 12 weeks but < 6 months
after their initial treatment, if they met the criteria for retreatment at that time. Cri-
teria for retreatment or re-enrollment included the following: (i) evidence of fluores-
cein leakage from classic or occult CNV, (ii) greatest linear dimension of leakage
from CNV of < 6400 mm, (iii) no adverse event judged to be due to PDT, and (iv)
no additional ocular abnormality associated with visual loss identified since the first
PDT. Criteria for re-enrollment also required fluorescein leakage from classic CNV.

The first set of patients was retreated two to four weeks after the first PDT treat-
ment. Follow-up fluorescein angiography was obtained and evaluated for CNV leak-
age one and four weeks after retreatment. If leakage was observed, an additional
course of retreatment was applied at two- or four-week intervals, and a final evalua-
tion was performed 12 weeks after the last retreatment. For the set of patients who
were re-enrolled, up to three additional courses of retreatment could be performed,
if indicated. In this group of patients, the second and third retreatments were sched-
uled at four-week intervals, and final evaluation was performed 12 weeks after the last
retreatment. Treatment regimen 2 with a light dose of 100 J/cm2 and regimen 4 with
light doses of 50, 75, and 100 J/cm2 (Table 2) were used in the retreatment protocols.
The other aspects of the protocol, refraction, ophthalmic examination, PDT protocol,
and follow-up were the same as for the single treatment protocol.

Outcome Measures

Two measures were used to assess short-term efficacy and safety: (i) the extent of
fluorescein leakage from the CNV (classic and occult), and (ii) stabilization of the
best-corrected visual acuity at the 12-week follow-up compared with baseline. A
grading system was devised to semi-quantitatively assess the effect of PDT on the
extent (area) of fluorescein leakage from the CNV lesions at each follow-up visit
compared with that seen at baseline (Table 3). Fluorescein leakage from classic
and occult CNV was assessed without any knowledge of the PDT dosage. Other fun-
dus characteristics were graded from fundus photographs and angiograms, including
the extent of subretinal hemorrhage, retinal pigment epithelium (RPE) atrophy, as
well as retinal vascular nonperfusion.

230 Kim and Miller



Best-corrected visual acuity was measured primarily as an indicator of safety, not
efficacy, given the absence of a control group, the short period of follow-up, and the
known variability in the natural history of the disease. However, an exploratory ana-
lysis using changes in visual acuity and angiographic leakage compared results of the
various regimens and helped to determine the treatment regimen for the subsequent
randomized, placebo-controlled trial. Further comparisons using analysis of variance
methods were performed to assess the relationship between visual acuity outcomes and
baseline characteristics such as visual acuity, lesion size, lesion composition, and lesion
status. Adverse events, both ocular and systemic were captured by the treating inves-
tigator and by Reading Center review of fundus photographs and angiograms.

PHASE I/II RESULTS

Single Treatment

A total of 128 patients with subfoveal CNV due to age-related macular degeneration
(AMD) were treated with at least a single course of PDT, including 31 patients who
later received multiple courses of PDT with regimen 2 or 4. The majority of patients
(80%) had a baseline visual acuity better than or equal to 20/200 in the treatment eye,
with both the mean and median baseline visual acuities measuring 20/125. The mean
baseline lesion size was 5.1 Macular Photocoagulation Study (MPS) disc areas (DAs),
ranging from 1 to 16 MPS DAs, which was larger than the lesions included in the
MPS. The area of classic CNV was �50% of the area of the lesion in 63% of eyes
which presented with classic CNV. Of these lesions, 32% had no occult CNV. Ten
(8%) of the baseline lesions were judged to have no classic CNV on review by the
Reading Center. In 93% of the lesions, fibrosis was judged to be �50% of the lesion.

Visual Outcomes

Overall, PDT with verteporfin had no short-term effect on vision, with a mean
change at week 1 of þ0.7 line. Substantial vision improvement of three or more lines
was noted in a small number of patients (14%) at week 1. The mean change in visual
acuity at week 4 was þ0.2 line and –0.5 line at week 12. There was a small but
statistically significant difference in the mean visual acuity change at week 4 between

Table 3 Grading of Extent of Fluorescein Leakage Following PDT

Grade Description

Absence of leakage Absence of leakage from 100% of area of
CNV noted at baseline and no progression

Minimal leakage Area of CNV < 50% of the area of leakage
noted at baseline and no progression

Moderate leakage Area of CNV �50% of the area of leakage
noted at baseline and no progression

Progression of leakage Leakage from CNV beyond area of CNV
noted at baseline, regardless of amount of
leakage noted within area of leakage seen at
baseline

Abbreviations: CNV, choroidal neovascularization; PDT, photodynamic therapy.

Source: From Ref. 6.
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regimen 3 (–1.6 lines) and regimen 4 (þ1.1 lines), which contributed to the selection
of regimen 4 for subsequent trials. Exploratory analyses also demonstrated that
patients with smaller lesions (�4 MPS DA) and worse baseline vision (�20/200)
had better visual acuity outcomes.

Additionally, patients with lesions composed of purely classic CNV had a better
visual acuity outcome at 12 weeks (þ0.6 line) than those with lesions containing
some occult component (�0.8 line). Some of these early findings were later corrobo-
rated in the Phase III clinical trials with two-year follow-up and placebo-controlled,
randomized design.

Angiographic Outcomes

Verteporfin PDT was effective at reducing angiographic leakage from CNV. One
week after treatment, all patients had decreased leakage as demonstrated by fluores-
cein angiography. Complete absence of fluorescein leakage from classic CNV at
week 1 was achieved in 52–100% of patients depending on the regimen used.
By week 4, leakage recurred in some portion of the CNV in most patients in all regi-
mens. Cases with leakage at week 4 were more likely to show progression at week 12.
Regimen 4 resulted in the largest proportion of cases with absence of leakage at week 1
(100%) and week 4 (29%). Within regimen 4, the 50 J/cm2 light dose was associated
with the highest percentage of patients with complete absence of leakage at week four
and the lowest percentage of patients with progression of classic CNV at 12 weeks.
These slight advantages, combined with the visual acuity differences observed, led
to the selection of regimen 4 using 50 J/cm2 for the Phase III clinical trials. Otherwise,
there was no clear light-dose/response relationship for inhibiting angiographic
leakage from classic CNV. However, a minimally effective dose was identified in that
the lowest light doses of 12.5 and 25 J/cm2 were ineffective in eliminating angio-
graphic leakage. PDT with verteporfin was also effective in reducing leakage from
occult CNV although it was qualitatively more difficult to grade.

The extent of post-treatment fluorescein leakage from CNV relative to baseline
appeared to be correlated with visual acuity outcome. The 33 patients with lesions
that showed a reduced area of leakage from both classic and occult CNV at
12 weeks, compared with baseline, had a mean change in visual acuity of þ0.8 line.
In comparison, the 49 patients who showed progression of either classic or occult
CNV by 12 weeks lost 0.8 line of vision. This difference was statistically significant
(P¼ 0.012), suggesting that patients in whom stabilization of CNV leakage is
achieved with PDT may have a beneficial visual outcome.

Safety

Thirty-eight (29.7%) of the 128 patients receiving a single course of PDT had an adverse
event in the treatment eye and 31 of the cases involved events that were judged to be
possibly, or probably, treatment-related. Adverse events included increased subretinal
hemorrhage (8.6%), increased fibrosis associated with CNV (8.6%), increased RPE
atrophy (3.9%), new subretinal hemorrhage (3.1%), eye pain (3.1%), fibrosis (3.1%),
branch retinal arteriolar/venular nonperfusion (2.3%), choroidal vessel staining
(1.6%), increased hemorrhage (1.6%), and vitreous hemorrhage (1.6%).

At the highest light dose used [150 J/cm2] in regimens 2 and 3, PDT-related
vision losses were observed in three patients. Two of the three patients treated using
the 150 J/cm2 light dose in regimen 2 had significant vision loss (five and nine lines)
at 12 weeks. Two of five patients treated with 150 J/cm2 in regimen 3 had retinal
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vessel closure. One developed occlusion of branch retinal arteries and veins in the
posterior pole with 12 lines of vision loss at week one. The other had extensive
capillary nonperfusion (>30% of the treated area) but only minimal vision loss. Sub-
sequently, patients were not treated at this light dose and the maximally tolerated
light dose for verteporfin treatment of CNV should be considered to be 100 J/cm2.

Retreatments

Visual Outcomes

Thirty-six patients with subfoveal CNV secondary to age-related macular degenera-
tion (AMD) were treated with multiple courses of PDT using verteporfin. Up to four
treatments in total were performed, with two PDT regimens and two different
retreatment intervals (2 and 4 weeks). The mean visual acuity remained stable even
after two or three PDT treatments. Twelve weeks after the last retreatment, the
average change in visual acuity was þ0.1 line from baseline for the 16 participants
in regimen 2. The average visual acuity decreased by one line from baseline 12 weeks
after the last retreatment for patients in regimen 4.

Angiographic Outcomes

Prolonged reduction of angiographic leakage was not achieved with the retreatment
protocols studied. However, cessation of leakage from classic CNV was achieved
1 week after each treatment, independent of the regimen. Recurrent leakage was
typically observed 4 weeks after each PDT course in a portion of the classic CNV
lesions. Recurrence with progression beyond the original borders ranged from
17% to 25% in regimen 2, and was as high as 30% in regimen 4. Although this rate
was somewhat higher than noted in the single treatment study, the numbers were
small and patients were not randomly assigned to the different regimens, making
comparisons difficult. On final follow-up 12 weeks after the last treatment, progres-
sion rates of classic CNV were 44% in regimen 2, and 89% in regimen 4. While fluor-
escein leakage eventually recurred following each treatment and often involved areas
beyond the borders of the baseline lesion, the total area of leakage typically
decreased over the retreatment schedule and was typically less intense at the last
follow-up compared with baseline.

A correlation between angiographic results and visual acuity was also observed
in the retreatment study. Those patients in whom complete absence of leakage was
achieved after each retreatment experienced an increase in mean visual acuity. Addi-
tionally, relatively smaller lesions with only classic CNV seemed to respond best to
retreatments, as demonstrated by both angiographic and visual outcomes.

Safety

The highest light dose of 150 J/cm2 was not utilized in the retreatment study and no
arteriolar or venular nonperfusion was observed. Retinal capillary nonperfusion
(<30% of the treated area) was seen in four patients and retinal vascular leakage
in three patients. Increased RPE atrophy was noted in 11 patients (39%), as was
increased fibrosis. A correlation between the number of retreatments and progres-
sion of RPE atrophy was not noted, but the number of patients receiving more than
one retreatment (n¼ 14) was probably too small.

The phase I/II studies confirmed that verteporfin PDT could effectively inhibit
angiographic leakage from CNV for approximately four weeks, demonstrated that
retreatments were safe, and identified appropriate light and drug doses. Additionally,
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these studies suggested that reducing angiographic leakage would result in
improved vision and that certain subgroups of patients, namely those with smaller
lesions composed of purely classic CNV, would experience the most benefit from
this new treatment. Thus, two large randomized, placebo-controlled trials were
instituted to clarify the potential benefits of PDT with verteporfin.

PHASE III DESIGN/METHODOLOGY

The efficacy of verteporfin PDT in reducing the risk of vision loss in patients with
subfoveal CNV due to AMD was investigated in multicenter, double-masked,
placebo-controlled, randomized trials. The Treatment of Age-Related Macular
Degeneration with Photodynamic Therapy (TAP) study consisted of two identically
designed trials conducted in 22 ophthalmology practices in Europe and North
America and evaluated PDT for new and recurrent subfoveal CNV with some classic
component (8–11). The Verteporfin in Photodynamic Therapy (VIP) study was
carried out in 28 practices across Europe and North America and involved patients
with only occult CNV or classic CNV with good visual acuity as well as a subset with
CNV caused by pathologic myopia (12–14).

Aside from the eligibility criteria, the study design and treatment protocol were
the same for both trials. Certification of all study personnel and clinic monitoring
assured maximum adherence to the protocol and all photographs were graded at
the Wilmer Photograph Reading Center at Johns Hopkins Medical Institutions. An
independent Data and Safety Monitoring committee conducted biannual reviews.

The eligibility criteria for the TAP and VIP investigations are listed in Tables 4
and 5. The area of CNV as identified angiographically was required to occupy >50%
of the entire lesion, thus excluding patients with large areas of subretinal hemorrhage
or RPE detachments. For the TAP study, CNV lesions had to include some classic
component and the visual acuity in the study eye needed to fall between approxi-
mately 20/40 and 20/200. The VIP criteria identified two subgroups of patients with
CNV related to AMD. Those patients with only occult CNV were required to show
some evidence of recent disease progression, and participants with some classic CNV
were restricted to those with relatively good visual acuity (better than approximately
20/40), presumptively indicating early onset disease.

Patients were randomized in a ratio of 2:1 to verteporfin PDT or placebo.
Verteporfin was administered at a dose of 6mg/m2 and infused over 10 minutes.
Patients assigned to placebo received an infusion of 30mL of 5% dextrose over
10 minutes. Laser light at 689 nm was applied to the lesion in all patients 15 minutes
after the start of the infusion at 600 mW/cm2 for 83 seconds, giving a total light dose
of 50 J/cm2. The spot size was determined by adding 1000 mm to the greatest linear
dimension of the lesion on the fundus, which was calculated by dividing the greatest
linear dimension of the lesion on the fluorescein angiogram by 2.5.

Patients were interviewed by telephone two to four days after each treatment
to detect any adverse events. The patient was asked to return promptly for reex-
amination if such an event was suspected. Otherwise, patients were examined
three months after each treatment. A protocol refraction, visual acuity and
contrast threshold measurement, ophthalmoscopy, stereoscopic color fundus
photography, and fluorescein angiography were performed at each scheduled
visit. Retreatment was recommended if any leakage from classic or occult
CNV was noted.
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Outcome Measures

The primary measure of efficacy was the proportion of eyes with loss of fewer than
15 letters (moderate vision loss) compared with baseline. Secondary measures
included the proportion of eyes with fewer than 30 letters lost (severe vision loss),
mean changes in visual acuity and contrast threshold, and angiographic outcomes
such as progression of CNV and size of lesion. Angiographic leakage was graded
as described previously in Table 3.

Results: TAP Study

A total of 609 patients were enrolled in the TAP study between December 1996 and
October 1997 and randomly assigned to verteporfin therapy (402) or placebo (207).
Ninety-four percent of patients in each group completed the 12-month follow-up
examination while 87% of the verteporfin group and 86% of the placebo group
completed the 24-month follow-up.

Vision Outcomes

The proportion of eyes with moderate and severe vision loss was lower in the
verteporfin-treated group than placebo at each follow-up visit. At the 12-month
point, 39% of verteporfin-treated eyes versus 54% of placebo eyes had lost 15 or
more letters (moderate vision loss). Most of the vision loss in both groups was

Table 4 Eligibility Criteria for the TAP Study

Inclusion criteria
CNV secondary to age-related macular degeneration
CNV under the geometric center of the foveal avascular zone
Evidence of classic CNV on fluorescein angiography
Area of CNV at least 50% of the area of the total neovascular lesion
Greatest linear dimension of lesion �5400mm (not including any area of prior laser
photocoagulation)

Best-corrected TAP protocol visual acuity of 73–34 letters (Snellen equivalent approximately
20/40–20/200)

Age �50 yrs
Willing and able to provide written informed consent
Exclusion criteria
Tear (rip) of the retinal pigment epithelium
Any significant ocular disease (other than CNV) that has compromised or could compromise
vision in the study eye and confound analysis of the primary outcome

Inability to obtain photographs to document CNV, including difficulty with venous access
History of treatment for CNV in study eye other than nonfoveal confluent laser
photocoagulation

Participation in another ophthalmic clinical trial of use or any other investigational new
drugs within 12 weeks prior to the start of study treatment

Active hepatitis or clinically significant liver disease
Porphyria or other porphyrin sensitivity
Prior photodynamic therapy for CNV
Intraocular surgery within last 2 mos or capsulotomy within last month in study eye

Abbreviation: CNV, choroidal neovascularization.

Source: From Ref. 8.
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observed in the first six months of follow-up. At the 24-month point, 47% of verte-
porfin-treated eyes and 62% of placebo eyes had lost 15 or more letters, indicating an
8% rate of moderate vision loss in both groups over the second year (Fig. 1). How-
ever, the beneficial effect of verteporfin PDT was sustained. Similarly, fewer patients
treated with verteporfin experienced severe vision loss (�30 letters lost) compared
with those in the placebo group at both 12 (15% vs. 24%) and 24 months (18% vs.
30%). While a definite beneficial effect of treatment was reflected in the prevention
of vision loss, few patients experienced improvement. Only 9% of treated and 5%
of placebo eyes gained 15 letters or more at the 24-month follow-up.

Secondary measures showed that the proportion of eyes with a visual acuity of
20/200 or less was smaller in the verteporfin-treated group at both 12 months (35%
vs. 48%) and 24 months (41% vs. 55%). Significant benefits of verteporfin treatment
were also noted with respect to mean change in visual acuity and contrast sensitivity
scores at both the one- and two-year follow-up points.

Angiographic Outcomes

Angiographic assessments confirmed the beneficial effects of verteporfin PDT. How-
ever, the data suggest that the visual benefits of treatment described above were
achieved in spite of some degree of continued growth and leakage of CNV in both

Table 5 Eligibility Criteria for the VIP–AMD Study

Inclusion criteria
CNV under the geometric center of the foveal avascular zone
Area of CNV at least 50% of the area of the total neovascular lesion
Greatest linear dimension of lesion �5400mm (not including any area of prior laser
photocoagulation)

If evidence of classic CNV, then visual acuity letter score more than 70
If no evidence of classic CNV, then presumed to have recent disease progression because
of deterioration (visual or anatomical) within last 3 mos or evidence of hemorrhage
from CNV

Best-corrected protocol visual acuity letter score of at least 50 (Snellen equivalent
approximately 20/100) or better

Willing and able to provide written informed consent
Exclusion criteria
Features of any condition other than age-related macular degeneration associated with CNV
in the study eye

Tear (rip) of the retinal pigment epithelium
Any significant ocular disease (other than CNV) that has compromised or could compromise
vision in the study eye and confound analysis of the primary outcome

Inability to obtain photographs to document CNV, including difficulty with venous access
History of treatment for CNV in study eye other than nonfoveal confluent laser
photocoagulation

Participation in another ophthalmic clinical trial of use or any other investigational new
drugs within 12 wks prior to the start of study treatment

Active hepatitis or clinically significant liver disease
Porphyria or other porphyrin sensitivity
Prior photodynamic therapy for CNV
Intraocular surgery within last 2 mos or capsulotomy within last month in study eye

Abbreviation: CNV, choroidal neovascularization.

Source: From Ref. 13.
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groups. The proportion of eyeswith progression of classic CNVwas significantly lower
in the verteporfin-treated group than the placebo group. At 12 months, 46% of treated
eyes versus 71% of control eyes had progression. By 24 months, the proportion of eyes
with progression was lower, 23% of treated and 54% of control, suggesting some
regression of CNV in both groups, but still demonstrating an advantage to treatment.
Although infrequent at 12 months, absence of leakage from classic CNVwas observed
in more treated than control eyes (19% vs. 9%). The fraction with no leakage increased
by 24 months to 53% of treated eyes and 29% of placebo eyes. Lesion size was also sig-
nificantly smaller in the verteporfin group at the end of the 24-month study period.

This trend in angiographic leakage was also reflected in an analysis of rates of
retreatment. At each follow-up, the percentage of patients receiving retreatment for
leakage from CNV was consistently higher in the placebo group, but the overall
percentage of patients requiring retreatment decreased with each follow-up. At the
month 21 examination, 45% of the verteporfin group versus 65.2% of the control
group received retreatment compared with 64% and 79% at month 12. The vertepor-
fin group received an average of 5.6 treatments over the study period out of total
possible of eight, compared with an average of 6.5 for the placebo group.

Subgroup Analyses

Of the various lesion characteristics analyzed, only the baseline lesion composition was
noted to have a significant relationship to the magnitude of treatment benefit. No sub-
groups were identified in which treatment had a harmful effect. Lesions were classified
according to baseline angiography findings into three groups based on the area of the
total CNV lesion occupied by classic CNV components. The lesions was determined
to be predominantly classic, when classic CNV occupied �50% of the entire CNV lesion
area and minimally classic when classic CNV occupied < 50% of the entire CNV lesion
area. The distribution of lesions was similar between the verteporfin and placebo groups:
40% of eyes in each group had predominantly classic and 50% had minimally classic.
Nine percent of eyes in each group were judged to contain no classic CNV upon review
by the reading center, and 1% of eyes could not be graded.

Figure 1 TAP study. Kaplan–Meier estimate of the cumulative proportion of eyes with
moderate vision loss (�15 letters) in verteporfin-treated and placebo groups at each three-
month study visit. Abbreviation: TAP, Treatment of Age-Related Macular Degeneration with
Photodynamic Therapy. Source: From Ref. 9.
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A greater treatment benefit was demonstrated for those patients with predomi-
nantly classic CNV at both the 12- and 24-month time points (Fig. 2). Moderate vision
loss of 15 letters or more occurred in 41% of treated versus 69% of control eyes with pre-
dominantly classic CNV at the 24-month follow-up compared with 47% versus 62% for
the entire study population. The highest magnitude of treatment benefit was seen for the
subgroup of patients with only classic and no occult CNV, with 30% of treated patients
experiencing moderate vision loss compared with 71% of control patients.

There appeared to be no significant impact of verteporfin treatment on eyes
with minimally classic CNV based on the primary visual acuity outcome. Moderate
vision loss of 15 letters or more was seen in 44% of treated and 45% of control eyes at
12 months, and 52% versus 56% at 24 months (P¼ 0.58). However, a significant
benefit at both 12- and 24-month follow-up was seen for the minimally classic sub-
group in terms of contrast sensitivity and angiographic outcomes, including lesion
size, progression of classic CNV, and absence of classic CNV leakage.

Additional analyses of the subgroups based on lesion composition revealed that
eyes with predominantly classic lesions tended to have a lower mean visual acuity and
smaller lesion size than those with minimally classic lesions (10). Similarly, predomi-
nantly classic lesions without any occult component also were generally smaller and
associated with lower visual acuity compared with predominantly classic lesions with
occult CNV. This difference in lesion size and baseline acuity may account for some
of the additional treatment benefit described, particularly in light of similar data impli-
cating lesion size as a factor in the VIP trial as discussed in the next section. Further-
more, the placebo eyes in the minimally classic subgroup were more likely to have
blood as a component of the lesion, which may have influenced the natural history
toward spontaneous resolution, diminishing the potential benefit of verteporfin therapy.

Results: VIP–AMD Study

Of 339 patients enrolled in the VIP–AMD study between March 1998 and September
1998, 225 were assigned to verteporfin treatment and 114 to placebo. The majority of

Figure 2 TAP study. Kaplan–Meier estimate of the cumulative proportion of eyes with
moderate vision loss (�15 letters) at each three-month study visit for patients with predomi-
nantly classic CNV treated with verteporfin or placebo. Abbreviations: CNV, choroidal neo-
vascularization; TAP, Treatment of Age-Related Macular Degeneration with Photodynamic
Therapy. Source: From Ref. 10.
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the cases enrolled consisted of occult CNV with no classic component (74% of vertepor-
fin-treated and 81% of placebo). The subgroups containing some classic CNV were con-
sidered too small for analysis. Predominantly classic CNV lesions comprised 7% of
verteporfin-treated eyes and 3% of placebo eyes while minimally classic CNV was seen
in 17%of verteporfin-treatedand16%ofplacebo-treated eyes.Otherbaseline lesion char-
acteristics were statistically balanced between treatment and placebo groups for both the
entire study population and for the subgroup with occult and no classic CNV.

Rates of follow-up in the VIP study were similar to those seen in the TAP.
Ninety-three percent of patients in the verteporfin group and 91% in the control
group completed the month 12 examination while 86% and 87%, respectively,
completed the 24-month examination.

Vision Outcomes

A statistically significant benefit of verteporfin treatment was demonstrated for the
primary vision outcome by the second year of follow-up. At 12 months, the propor-
tion of moderate vision loss (�15 letters) in the treated group was 51% compared
with 54% in the placebo group. Over the second year of treatment, verteporfin eyes
tended to stabilize while placebo eyes continued to deteriorate so that by 24 months
the treatment benefit had increased to reach statistical significance. Moderate vision
loss occurred in 54% of treated eyes versus 67% of control (P¼ 0.023). The subgroup
with occult but no classic CNV experienced a similar treatment benefit: 55% treated
versus 68% control eyes had lost 15 or more letters of vision at the 24-month follow-
up (P¼ 0.032) (Fig. 3). There was also a significant reduction in severe vision loss of
30 letters or more at 24 months for verteporfin-treated compared with placebo eyes
in both the entire study population (30% treated vs. 47% placebo, P¼ 0.001) and the
subgroup with occult and no classic CNV (29% treated vs. 47% placebo, P¼ 0.004).
Other secondary visual outcomes including mean change in visual acuity, visual
acuity distribution, percentage of eyes with vision < 34 letters (�20/200) and

Figure 3 VIP–AMD study. Proportion of eyes with moderate vision loss (�15 letters) at
each three-month study visit for patients with occult with no classic CNV treated with verte-
porfin or placebo. Abbreviations: VIP-AMD, Verteporfin in Photodynamic Therapy-Age-
Related Macular Degeneration; CNV, choroidal neovascularization. Source: From Ref. 13.
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contrast sensitivity significantly favored the verteporfin-treated group at both 12- and
24-month follow-up for the subgroup with occult but no classic CNV.

Angiographic Outcomes

Fluorescein angiography also demonstrated a clinically and statistically significantly
treatment benefit at both the 12- and 24-month examinations for the entire study
population as well as the subgroup with occult but no classic CNV. At both time
points, verteporfin-treated eyes with occult and no classic CNV at baseline were
nearly half as likely to develop classic CNV either within or beyond the original
lesion boundary. Progression of occult CNV in this subgroup was seen in 55% of
treated and 73% of control eyes at the 12-month follow-up (P¼ 0.004), decreasing
to 46% of treated and 57% of control eyes by 24 months (P¼ 0.12). Absence of leak-
age from either classic or occult CNV was infrequent at the 12-month follow-up
(14% treated vs. 4% control, P¼ 0.02) but increased by the 24-month follow-up
(35% treated vs. 14% control, P < 0.001). Lesions in placebo eyes were 2.5 times
as likely to be greater than 9 DAs in size compared with verteporfin-treated eyes
after both the first and second year of the study.

Again, the trend toward decreased leakage as the study progressed was
reflected in the proportion of patients requiring retreatment at each visit. Thirty-
three percent of verteporfin-treated eyes and 45% of placebo eyes received treatment
at the last treatment visit (21-month follow-up) compared with 61% and 73%, respec-
tively, at the 12-month visit. Fewer verteporfin-treated eyes were assessed by the
treating ophthalmologist as requiring treatment at each follow-up visit. These pro-
portions were identical for the subgroup with occult and no classic CNV, with an
average of 4.9 treatments (3.1 in the first year and 1.8 in the second year) out of a
total possible of 8 given to the verteporfin group and 5.9 for the control group.

Subgroup Analyses

Prospectively planned analyses of the subgroup of occult with no classic CNV
revealed that both initial visual acuity and baseline lesion size influenced the magni-
tude of treatment benefit. Patients with either smaller lesions (�4 DAs) or lower
presenting visual acuity (approximately 20/50 or worse) were found to have a greater
benefit (Fig. 4). These patients represented 72% of the total subgroup with occult and
no classic CNV. In this group of eyes, moderate vision loss at 24 months occurred in
49% of treated versus 75% of control eyes (P < 0.001) and severe vision loss in 21% of
treated versus 48% of control eyes. An exploratory analysis also suggested that verte-
porfin may not be beneficial in eyes with both large occult lesions and relatively good
visual acuity. However, the number of patients with these baseline characteristics was
small, and this finding should be interpreted cautiously.

This type of data suggesting that factors other than baseline lesion composition
could affect vision outcomes from verteporfin PDT, in addition to the lack of demon-
strated treatment benefit for minimally classic lesions, raised the issue of whether
another parameter might better predict vision outcomes. A retrospective analysis
of the AMD populations from the TAP and VIP trials was conducted in order to
evaluate the effect of baseline lesion size, visual acuity, and lesion composition on
vision outcomes. This analysis revealed that baseline lesion size influenced the treat-
ment benefit for occult with no classic CNV and minimally classic CNV lesions, but
not for predominantly classic lesions. When data from all lesion types were combined,
lesion size at presentation was shown to be a more important predictor of treatment
benefit than either lesion composition or visual acuity (15).
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Safety

Photodynamic therapy with verteporfin through 24 months of follow-up and treat-
ment in both the TAP and VIP studies appeared quite safe. The treatment was well
tolerated with minimal adverse events attributable to treatment. Photosensitivity
reactions were rare and lower in incidence in the VIP study (1%) than the TAP study
(3%) despite the shorter recommended protection period of 24 hours compared with
48 hours. Allergic reactions were also rare and more frequent in the placebo groups.
The only other nonocular adverse event related to treatment was lower back pain dur-
ing verteporfin infusion, which occurred in a total of 15 people across both studies.

Some visual disturbance following treatment was common in both verteporfin-
treated and placebo eyes. However, the incidence of severe decrease in vision, defined
as a loss of 20 letters (four lines) or more within seven days of treatment was low.
The risk appeared to be higher in eyes with occult but no classic CNV, occurring
in 10 (4.4%) patients in the VIP study compared with three (0.75%) in the TAP study.

Figure 4 VIP–AMD study. Proportion of eyes with moderate vision loss (�15 letters) in
verteporfin-treated and placebo groups at each three-month study visit for subgroup of
patients with occult with no classic CNV with either smaller lesions (�4 DAs) or lower levels
of visual acuity (less than approximate Snellen equivalent 20/50�1). Abbreviations: VIP-AMD,
Verteporfin in Photodynamic Therapy-Age-Related Macular Degeneration; CNV, choroidal
neovascularization. Source: From Ref. 13.
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Of the cases in the VIP trial, the visual loss was attributed to the development of
extensive subretinal fluid with choroidal hypofluorescence in one case and sub-retinal
pigment epithelial hemorrhage in three cases. No obvious cause was detected in six
cases. Vision recovered to < 20 letters lost in five of the 10 patients at three months
after the events. Although preclinical studies demonstrated some damage to the RPE
with PDT, the Phase III data did not suggest any increase in RPE atrophy in verte-
porfin-treated patients. For both groups in the TAP study, the distribution of lesion
sizes with the inclusion of surrounding atrophy did not differ from the distribution of
lesion sizes without atrophy.

Results: VIP–Myopia

While AMD is a major cause of CNV, other ocular conditions also result in blind-
ness due to CNV. Phase I and II trials suggested the safety and efficacy of verteporfin
PDT in 13 patients with pathologic myopia. Based on these data and early data from
the TAP trial confirming the safety of the treatment, one arm of the VIP study was
designed to evaluate the benefit of verteporfin PDT for subfoveal CNV due to patho-
logic myopia (12,14). The inclusion criteria are shown in Table 6.

A total of 120 patients were enrolled between February and September 1998.
Of these patients, 81 were randomized to verteporfin and 39 to placebo with 95%
of the treatment group and 92% of the placebo group completing the two-year
follow-up. Greater than 90% of patients in each group had evidence of classic CNV
at baseline, with the majority of cases containing predominantly classic CNV.
Only 15% of the verteporfin group and 13% of the placebo group had evidence of
any occult CNV.

Vision Outcomes

The primary outcome for this group of patients was selected as the proportion of
eyes with vision loss of fewer than eight letters. A treatment benefit was apparent
at the 12-month follow-up with 72% of the verteporfin-treated patients losing fewer
than eight letters compared with 44% of the placebo group (P¼ 0.01). Moderate
visual acuity loss (�15 letters) was decreased in the treated group, occurring in
14% versus 33% of placebo eyes after one year. At the month 24 examination,
64% of verteporfin-treated eyes compared with 49% of placebo eyes lost fewer than
eight letters, but this difference did not reach statistical significance (Fig. 5). Simi-
larly, a significant benefit was not demonstrated in the rate of moderate visual loss,
which occurred in 21% of treated eyes and 28% of control eyes at 24 months
(P¼ 0.38). However, the distribution of change in visual acuity continued to show
a treatment benefit (P¼ 0.05). Patients treated with verteporfin had a median gain
of 0.2 lines while those receiving placebo lost a median of 1.6 lines. These figures
reflect the finding that 40% of verteporfin-treated eyes had visual acuity improve-
ment of at least five letters versus 13% of placebo.

Angiographic Outcomes

The proportion of patients with progression of classic CNV beyond the baseline
borders of the lesion was lower in the verteporfin-treated group than the placebo
group at both the one and two year examinations. Similarly, more treated patients
had complete absence of leakage than control patients at both time points. Although
these differences were not statistically significant at 24 months, differences in lesion
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size were significant. Verteporfin-treated lesions were more likely to be one DA or
smaller in size (55% vs. 36%, P¼ 0.05) and less likely to be more than three DAs
in size (9% vs. 28%, P¼ 0.01).

Other Causes of CNV

Based on the success of verteporfin photodynamic for CNV in AMD and pathologic
myopia, the efficacy of PDT for subfoveal CNV in the ocular histoplasmosis syn-
drome was investigated in an open-label, three-center prospective case series (16).
Twenty-six patients with classic or occult CNV not larger than 5400 mm in greatest
linear dimension and extending under the geometric center of the foveal avascular
zone whose vision ranged between approximately 20/40 and 20/200 were treated
with verteporfin PDT as described in the TAP and VIP studies. These patients
received an average of 2.9 treatments over 12 months and experienced a median
improvement from baseline acuity of seven letters. Fifty-six percent of patients
gained seven or more letters of vision while 16% lost eight or more letters and only
8% lost 15 or more letters.

Angiographic evaluation revealed absence of fluorescein leakage from classic
CNV in 43% of patients at the month 12 visit. Progression of classic CNV was noted

Table 6 Eligibility Criteria for the VIP–Pathologic Myopia Study

Inclusion criteria
CNV secondary to pathologic myopia (distance correction of at least –6.0 D, spherical
equivalent, or less myopic than –6.0 D with retinal abnormalities consistent with
pathologic myopia, such as lacquer cracks, and an axial length at least 26.5mm

CNV under the geometric center of the foveal avascular zone
Area of CNV at least 50% of the area of the total neovascular lesion
Greatest linear dimension of lesion �5400mm (not including any area of prior laser
photocoagulation)

Best-corrected protocol visual acuity letter score of at least 50 (Snellen equivalent
approximately 20/100) or better

Willing and able to provide written informed consent
Exclusion criteria
Features of any condition other than pathologic myopia (such as large drusen or multifocal
choroiditis) associated with CNV in the study eye

Tear (rip) of the retinal pigment epithelium
Any significant ocular disease (other than CNV) that has compromised or could compromise
vision in the study eye and confound analysis of the primary outcome

Inability to obtain photographs to document CNV, including difficulty with venous access
History of treatment for CNV in study eye other than nonfoveal confluent laser
photocoagulation

Participation in another ophthalmic clinical trial of use or any other investigational new
drugs within 12 weeks prior to the start of study treatment

Active hepatitis or clinically significant liver disease
Porphyria or other porphyrin sensitivity
Prior photodynamic therapy for CNV
Intraocular surgery within last 2mos or capsulotomy within last month in study eye
Pregnancy

Abbreviations: CNV, choroidal neovascularization; VIP, Verteporfin in Photodynamic Therapy.

Source: From Ref. 12.
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in 26% of patients. No cases of severe vision loss within seven days of treatment
occurred in this series. Although limited by a small sample size and lack of a control
group, these initial results suggest that verteporfin PDT is likely effective for CNV due
to ocular histoplasmosis. Two-year results were pending at the time of this writing.

The successful use of verteporfin PDT for CNV secondary to other conditions
including angioid streaks, multifocal choroiditis, juxtafoveolar telangiectasis, retinal
degenerations, and choroidal osteoma has been reported in various case series
(17–24). Beyond CNV, other potential applications for PDT include ocular tumors.
Encouraging results have been reported in the treatment of choroidal hemangiomas
as well as retinal capillary angiomas (25–30). With future improvements in the deli-
very and specificity of photosensitizers, expanding indications for PDT in a variety
of ocular conditions may follow.

CONCLUSIONS

Based on the safety, efficacy, and dosimetry data from Phase I and II studies of
PDT with verteporfin for subfoveal CNV, large, multicenter, randomized, placebo-
controlled trials were conducted, providing the evidence for the widespread clinical
use of this treatment modality in patients with AMD and other ocular conditions.
The key findings of the Phase III trials of verteporfin PDT can be summarized as
follows:

1. Verteporfin PDT is a safe and effective treatment for subfoveal CNV due
to AMD. The treatment benefit of verteporfin PDT in patients with subfo-
veal CNV due to AMD is influenced by baseline lesion composition.

2. Patients with predominantly classic lesions had a greater treatment benefit,
particularly those with only classic and no occult CNV. Verteporfin PDT is
recommended in cases of subfoveal predominantly classic CNV, due to
AMD, with or without the presence of occult CNV.

3. A treatmentbenefit for eyeswithoccult andnoclassicCNVand recent evidence
of progression was demonstrated after two years of follow-up, particularly in

Figure 5 VIP–myopia study. Proportion of eyes with vision loss of at least eight letters in
verteporfin-treated and placebo groups at each three-month study visit. Abbreviations: VIP,
verteporfin in photodynamic therapy. Source: From Ref. 14.

244 Kim and Miller



those eyes with lesions �4 MPS DAs or with visual acuity less than approxi-
mately 20/50. Verteporfin PDT should be considered for these cases.

4. Treatment benefits have not been proven for minimally classic subfoveal
lesions due to AMD. However, a retrospective analysis suggests that smal-
ler lesions may benefit from treatment. A clinical trial addressing this issue
is ongoing.

5. Verteporfin PDT is a safe and effective treatment for subfoveal CNV due
to pathologic myopia with visual benefits demonstrated through two years
of follow-up. Verteporfin PDT is recommended for subfoveal CNV result-
ing from pathologic myopia regardless of lesion composition.

Based on data from the TAP and VIP trials, the Food and Drug Administration
approved vertepofin PDT to treat AMD. The Centers for Medicare and Medicaid Ser-
vices initially approved Medicare insurance reimbursement on July 1, 2001 for vertepor-
fin PDT to treat predominantly classic CNV associated with AMD. On April 1, 2004,
Medicare insurance reimbursement for verteporfin PDT was approved for small (four
DAs or less) minimally classic and pure occult CNV lesions associated with AMD that
show recent progression. Recent progression was defined as a decrease in visual acuity of
five or more letters along with lesion growth (an increase of at least one DA), or the
appearance of blood associated with the lesion, within the preceding three months (31).

While the results of the TAP and VIP investigations provide excellent guide-
lines for the clinical application of PDT, it is likely that advances in the understand-
ing of the pathobiology of AMD and CNV, enhanced imaging capabilities, and the
development of improved PDT regimens and adjuvant treatments will alter current
clinical strategies. For example, PDT has been recently combined with pharmacolo-
gical therapy such as intravitreal triamcinolone and pegaptanib (see Chapter 16).
Nevertheless, the data obtained from these studies will provide the framework
for the evaluation of newer treatment modalities, which will lead to improved visual
outcomes for many patients.
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Age-related macular degeneration (AMD) is the leading cause of blindness in
patients older than 60 years of age in the United States (1). Clinically, AMD is
divided into non-neovascular (dry) and neovascular (wet) forms. Although the
non-neovascular form is more prevalent, severe vision loss is most commonly
encountered in patients with neovascularization (2). The term neovascularization
refers to the growth of new vessels, and in the case of AMD neovascularization ori-
ginates from the choroid [choroidal neovascularization (CNV)].

TREATMENT MODALITIES FOR NEOVASCULAR AMD

Although several treatment modalities have been proposed for the treatment of
CNV, the visual outcome after therapy remains modest at best. Thermal laser photo-
coagulation treatment was extensively studied in the Macular Photocoagulation
Study (MPS) (3–15). The effectiveness of photodynamic therapy (PDT), using se-
lective laser ablation of CNV was assessed in the TAP and VIP multicenter trials
(16–20). In PDT a photosensitizing dye is preferentially activated within the CNV
by a sensitizing laser beam of a specific wavelength, with relative sparing of adjacent
tissue (see Chapters 9 and 15). To further reduce neuronal damage associated with
thermal laser treatment, the effect of transpupillary thermotherapy (TTT) on neovas-
cular AMD is being evaluated (21–27). In TTT, a low-irradiance infrared laser is
used with a large spot size and prolonged exposure (long-pulse). The low tempera-
ture and long-pulse photocoagulation is a potential strategy for decreasing neural
retinal damage. Radiation therapy in the form of teletherapy with photons or irra-
diation with proton beam has also been evaluated in clinical trials for the treatment
of CNV in AMD (28–33).

Various surgical techniques have also been proposed for the treatment of CNV.
The submacular surgical trials are investigating the outcome for surgical removal of
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the choroidal neovascularmembranes in patientswithAMD(34). Furthermore,macu-
lar translocation has also been proposed as a surgical technique in the management of
some neovascular AMD lesions (35–40).

Pharmacologic intervention for the treatment of CNV in AMD is an attractive
treatment approach, as it avoids tissue damage induced by laser irradiation or
surgical trauma. Furthermore, it may address the pathogenesis of angiogenesis. Inter-
feron alpha-2a was one of the first anti-angiogenic agents studied to suppress or sta-
bilize the growth of subretinal neovascularization (41–45). In this chapter, human
clinical trials of intraocular drug delivery to treat neovascular AMD are discussed.

CLINICAL TRIALS OF DRUG DELIVERY DEVICES FOR THE
TREATMENT OF NEOVASCULAR AMD

Nonselective Drugs

Triamcinolone Acetonide

Penfold et al. (46) published in 1995 a pilot study of neovascular AMD treatment
with intravitreal triamcinolone acetonide. Their preliminary data evaluating 30 eyes
treated with intravitreal triamcinolone injection demonstrated decreased leakage by
fluorescein angiography and increased visual acuity. In an 18-month follow-up to
this trial, of the 20 eyes with initial visual acuity of 20/200 or better, the vision
was maintained (�1 Bailey-Lovie lines) in 11 eyes (55%), while six eyes (30%)
suffered severe visual loss (six or more lines). The visual acuity improved by five
to six lines in three of 10 eyes with initial vision of 3/60 or worse.

Jonas et al. (47) performed an uncontrolled study of intravitreal triamcinolone
acetonide to treat exudative AMD. Of 71 treated eyes, 68 had predominantly or
totally occult CNV, as determined by fluorescein angiography. With a mean
follow-up of seven months, the visual acuity increased from a preinjection mean
of 0.16 to a maximum of 0.23 (P < 0.001). The maximal visual acuity was attained
at 1–3 months postinjection. However, there was no significant visual acuity differ-
ence by 7.5 months, when compared with pretreatment visual acuity. The average
intraocular pressure (IOP) increased from a baseline of 15.1 to 23.0 mmHg. There
were no significant postoperative complications such as endophthalmitis and retinal
detachment.

A small, randomized clinical trial was conducted to evaluate the safety and
effectiveness of a single 4mg intravitreal triamcinolone acetonide injection for
neovascular AMD (48). At both the 3- and 6-month follow-up visits, the treated
group had statistically significant better visual acuity than the control group. The
angiographic appearance was also better in the treated group compared with the
control group. Adverse events from the injection in the treated group included
IOP elevation (seen in 25%) and cataract progression.

The largest randomized trial to date was performed by Gillies et al. (49). This
study was a randomized, double-masked, placebo-controlled trial of triamcinolone
acetonide intravitreal injection in patients with classic CNV associated with AMD.
Patients were randomized to receive a single injection of triamcinolone acetonide,
4mg (n¼ 75) or to receive a sham injection (n¼ 76). At 12 months the risk of severe
visual loss (30 letters) was 35% for both the treated group and the placebo group.
Although the visual acuity did not differ between the treated and control groups,
at three months, the choroidal neovascular complex appeared to be smaller in the
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treated group. At 12 months, however, there was no difference in lesion size between
the groups. The smaller lesion size at three months suggested an anti-angiogenic effect
of intravitreal triamcinolone acetonide over the three months following injection,
which may have diminished as the drug was cleared. It is not known whether repeated
injections would provide a sustained benefit to stabilize visual acuity and lesion size.
However, there was a statistically significant elevation in IOP in the treated group
compared with the placebo group, which may be one of the factors (among others)
that may limit a long-term reinjection protocol for the treatment of CNV.

Triamcinolone has been combined with laser photocoagulation to treat CNV
associated with AMD (50). Following intravitreal injection, the mean visual acuity
remained stable; these results were comparable to the laser retreatment group in
the MPS (51).

Verteporfin ocular PDT has been combined with intravitreal triamcinolone
acetonide to treat CNV associated with AMD. The rationale for this approach is
to decrease the number of photodynamic treatments (as well as the cost associated
with these multiple treatments) by combining the angiostatic properties of tri-
amcinolone acetonide with the vascular occlusion induced by ocular PDT. In a pilot
study of 26 eyes (13 eyes na€��ve to PDT and 13 eyes previously treated with PDT), the
retreatment rate at 3-month follow-up was 7.7% (two of 26 eyes). At the 6-month
follow-up visit, no eyes required retreatment (52).

In another trial, triamcinolone acetonide was injected into the vitreous cavity
of 14 eyes within six weeks of PDT (53). Eleven received one initial combined treat-
ment and three received an additional combined treatment after six months. Median
follow-up was 18 months (range 12–25 months). Overall, 7% gained 30 or more let-
ters, 50% maintained stable vision, 14% lost 15–29 letters, and 29% lost 30 or more
letters. The mean number of PDT treatments during the first year was 2.57. Side
effects were mild and included IOP elevation in 28.5% and cataract progression in
50% of phakic eyes.

Multicenter, randomized trials are currently underway to compare verteporfin
ocular PDT alone to ocular PDT with intravitreal triamcinolone acetonide for neo-
vascular AMD. The main outcome measures include visual acuity improvement and
the number of verteporfin treatments.

Anecortave Acetate

Anecortave acetate is a synthetic steroid derivative which is thought to inhibit blood
vessel growth by inhibiting the proteases necessary for vascular endothelial cell
migration (54,55). It inhibits both urokinase-like plasminogen activator and matrix
metalloproteinase-3 (56). Anecortave acetate has been specifically modified to elim-
inate its in vivo corticoid activity (57). It is administered posterior to the eye as a
juxtascleral depot injection onto the outer surface of the sclera near the macula,
using a specially designed cannula (see Chapter 5) (57).

Currently anecortave acetate is being evaluated in an ongoing multicenter trial
as monotherapy for treatment of subfoveal AMD. The first 6- and 12-month clinical
safety and efficacy data following a single treatment were recently reported (57,58).
This double-masked Phase II trial investigated the efficacy of anecortave acetate ver-
sus a placebo for maintenance of vision and inhibition of CNV growth in AMD.
Between April 1999 and May 2001, 128 patients were enrolled in the study at 18
participating sites. Of these 128 patients, 80% (102 patients) had predominantly classic
lesions and 20% (26 patients) had minimally classic lesions. Predominantly
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classic lesions were defined as those in which classic CNV, as determined by fluorescein
angiography, occupied at least 50% of the total lesion area. Of the CNV area, 50% had
to have been classic CNV or the area of the classic CNV must have been at least 0.75
MPS disc areas.

Follow-up examinations included detailed ophthalmic examinations (best-
corrected log minimum angle of resolution (MAR) visual acuity evaluation, query of
patient as to double vision, external examination of the eye(s), routine screen for changes
in extraocular motility and/or restriction of gaze, routine screen for pupil responsive-
ness, slit-lamp examination of anterior segment and lens, dilated fundus examination,
IOPmeasurement). On scheduled visits, fluorescein angiography and indocyanine green
angiography were performed. Annual general physical examinations with electrocar-
diogram, interim physical examinations and periodic examinations of blood and
urine, and pharmacokinetic sampling were performed at scheduled visits.

The baseline characteristics of the patients were similar to those reported in the
verteporfin TAP trial (other than the higher number of patients with predominantly
classic patients) (80% vs. 40%; see Chapter 15) (16). Patients with a log MAR visual
acuity of 0.3 (20/40 Snellen equivalent) to 1.2 (20/320 Snellen equivalent) and
primary or recurrent subfoveal CNV secondary to AMD with a lesion size up to
30.48mm2 (12 disc areas) were enrolled. The visual acuity was measured according
to Early Treatment Diabetic Retinopathy Study (ETDRS) guidelines. The patients
were equally randomized into four groups: anecortave acetate sterile suspension
for injection 30mg (n¼ 33), 15mg (n¼ 33), or 3mg (n¼ 32) or to placebo (vehicle,
n¼ 30). Upon enrollment anecortave acetate or placebo was administered behind
the eye as a 0.5-mL posterior juxtascleral injection onto the outer surface of the
sclera near the macula using a specially designed cannula.

The primary efficacy variable was mean change from baseline in best-corrected
log MAR visual acuity. Secondary efficacy variables included the percentage of
patients with stable vision (< 3 log MAR lines of visual acuity decrease from baseline)
and assessments of size of both the CNV and classic CNV lesion components. Clinical
datawas assessed at days 1–2, week 2,week 6,month 3, andmonth 6 following therapy.
A 6-month retreatment interval was established based on the laboratory data confirm-
ing therapeutic levels of the drug in the retina and choroid for up to six months. The
data reported in the 6-month interim study, however, reflects a single administration.

The analysis of mean change in log MAR visual acuity indicated that the 15mg
dose of anecortave acetate was statistically superior to placebo treatment at six
months (P¼ 0.003). Trends also favored treatment with 30 and 3mg over placebo,
although statistical significance was not reached. Of the four groups, the 15mg dose
of anecortave acetate exhibited the greatest vision stabilization. As a secondary
visual outcome, preservation of vision was defined as a decrease of <3 log MAR
lines of visual acuity from baseline values. Although there was a greater preservation
of vision for treatment with anecortave acetate 15mg, it was not statistically signifi-
cant when compared with placebo. However, in the subgroup of predominantly clas-
sic patients this treatment did reach statistical significance (P¼ 0.021) when
compared with placebo. Eighteen percent of patients treated with anecortave acetate
15mg improved at least 2 log MAR lines, compared with 3% of patients in the 30mg
group, 6% in the 3mg group, and 0% in the placebo group. The difference between
15mg and placebo was significant (P¼ 0.025). As anecortave acetate is an angio-
static agent, the change in CNV surface area was also analyzed. Total lesion area,
CNV area, and total classic CNV area were measured and compared between the
groups. The inhibition of surface area was significant only for the 15mg group.

252 Rezaei et al.



Of the 128 patients enrolled and treated, 76 patients (59.4%) completed their
month 12 visit. The most common reason for exiting was AMD progression (24 of
the 52 discontinued patients), with fewer patients in the anecortave acetate (15mg)
group than in the other three treatment groups discontinued from the study. More
than 75% of the eyes in each of the four treatment groups had predominantly classic
lesions at baseline. The 24-month data from this study confirm and support the 12-
month data (Anecortave Acetate Clinical Study Group, 2003). Anecortave acetate
15mg for depot suspension was statistically superior to placebo treatment for
long-term stabilization of vision (< 3 log MAR line change from baseline values)
(P¼ 0.032), prevention of vision loss (P¼ 0.033), and suppression of growth of both
the CNV and classic CNV lesion components (P < 0.05). However, each of the three
concentrations of anecortave acetate tested in this study was numerically superior to
placebo treatment.

As part of this completed study, more than 300 posterior juxtascleral adminis-
tration procedures were performed, and some patients received up to seven injections
into the superotemporal quadrant. The most frequently reported ocular adverse
events were cataract (32% after anecortave acetate vs. 40% after placebo), decreased
visual acuity (26% after anecortave acetate vs. 43% after placebo), ptosis, eye pain,
visual abnormalities, and subconjunctival hemorrhage. Only visual abnormalities
(e.g., flashes, floaters, hazy vision, photophobia, blind spot enlargement) occurred
more frequently following administration of anecortave acetate compared with
placebo. Ptosis of the study eye, untreated fellow eye or both eyes occurred in 26
of the patients, and was observed in all four treatment groups. The ptosis was mild
to moderate, and transient in all untreated cases. Nine patients had transient IOP
changes of 1–13 mmHg from baseline.

The most frequently reported systemic adverse events were hypertension,
arthritis, urinary tract infection, and hypercholesterolemia. Of the 36 patients report-
ing a serious adverse event, 11 exited the study for that reason. Serious adverse
events were reported by 23 of the 98 anecortave acetate-treated patients and 13
of the 30 placebo-treated patients. Five deaths from lung carcinoma, heart failure/
cerebrovascular accident, accidental injury, or myocardial infarction were reported.
However, none of these serious adverse events or deaths was assessed as related to
study treatment. An independent safety committee concluded that there were no
clinically relevant medication-related or administration-related safety concerns.

Phase III Clinical Trials. In view of the positive long-term safety and efficacy
outcomes from this study, a Phase III comparison of Anecortave Acetate 15mg for
Depot Suspension (RETAANETM 15mg Depot; Alcon Research, Ltd) to vertepor-
fin (Visudyne1 Novartis) PDT for treatment of subfoveal CNV was completed.

In the Phase III prospective, randomized multicenter trial, the 15-mg anecortave
acetate dose was compared with the standard protocol for administration of vertepor-
finPDT.Patientswere 50 years of age or older andhad subfoveal predominantly classic
CNV. The lesions were <5400 mm in greatest linear dimension. The visual acuity
ranged from 20/40 to 20/400 Snellen equivalent. Of the 511 patients enrolled in the
study, 255 patients received treatment with anecortave acetate 15mg every six months
with a corresponding sham PDT treatment every three months, while 256 patients
received PDT every three months if there was any leakage, according to the standard
PDT guidelines, with corresponding sham juxtascleral depot.

The primary end point was the percentage of patients with fewer than three
lines of visual acuity loss. The goal was to demonstrate the noninferiority of anecor-
tave acetate to verteporfin PDT at month 12 after the start of treatment. There was a
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10% or less dropout rate over the 12-month time frame in the two groups of patients;
results of 214 patients in the anecortave acetate group and 220 patients in the PDT
group were analyzed.

There was no statistical difference between the anecortave acetate treatment
and the PDT treatment outcomes regarding the primary end point of loss of fewer
than three lines of visual acuity. In the anecortave acetate group 45% had less than
a three-line loss of visual acuity, and in the PDT group, 49% of patients had less
than a three-line loss of visual acuity. The statistical end point, however, was not
reached regarding noninferiority of anecortave acetate compared with PDT.

Two factors that are potentially controllable that may have contributed to the
failure of anecortave to reach the primary end point of noninferiority to PDT are:
treatment interval and drug reflux. Future trials are being designed with this in mind.

Future Clinical Trials. Study C-04-59 is designed to evaluate the dose and
administration frequency of anecortave acetate depot every three months (15mg)
or six months (15 or 30mg). Inclusion criteria are similar to those of the previous
trials.

Anecortave Acetate Risk Reduction Trial

Trial C-02-60 is a 48-month study of anecortave acetate (15 or 30mg) versus sham
(1:1:1) administered every six months, to determine whether anecortave reduces
the risk of CNV developing in eyes with non-neovascular AMD. Approximately
2500 patients will be enrolled having neovascular AMD in the nonstudy eye, and
presence of the following characteristics in the study eye: five or more intermediate
or larger soft drusen, and/or confluent drusen with 3000 mm of the foveal center,
and hyperpigmentation. Best-corrected ETDRS log MAR visual acuity must be
0.5 (20/62.5 Snellen equivalent) or better in the study eye.

The primary outcome measure is the development of sight-threatening CNV,
defined as any CNV within 2500 mm of the center of the fovea. The greatest linear
diameter (GLD) of classic CNV must be 100 mm or more, and of occult, 500 mm
or greater, unless associated with subretinal hemorrhage or lipid, in which case
100 mm meets the criteria. Subretinal hemorrhage >500 mm GLD is also considered
sight-threatening CNV.

Selective Drug Delivery Systems

There are currently more than 30 angiogenesis inhibitors in clinical trials and new
candidates are under investigation in animal studies or in vitro (59). Many of these
anti-angiogenesis inhibitors are currently being investigated for the treatment of
CNV in AMD.

Squalamine, a broad-spectrum aminosterol antibiotic was originally isolated
from the dogfish squalus acanthias (60). In various animal models it inhibits ocular
neovascularization (61,62). Its anti-angiogenic activity is ascribed, at least in part, to
its blockage of mitogen-induced proliferation and migration of endothelial cells (62).
Early results from a Mexican Phase I–II clinical trial of squalamine, in patients with
AMD indicated that squalamine induced CNV shrinkage in some patients, and
lesion stabilization in others. In addition, in early study results, visual acuity was
improved greater than three lines in some patients, and was stabilized in all patients.
Some patients have been followed for up to four months after initiation of therapy.
The responses observed include each angiographic subtype of AMD lesion. Further
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follow-up evaluations on all of the patients enrolled in the study, and additional
Phase II and III trials are currently underway.

AG3340 (Prinomastat), a selective inhibitor of matrix metalloproteases, also
inhibits retinal neovascularization in an animal model (63). Subsequently, a Phase
II, randomized, double-masked, placebo-controlled study of the matrix metallopro-
tease inhibitor AG3340 in patients with subfoveal CNV associated with AMD was
conducted. The outcome of this study, however, was not released and the company
decided not to proceed with a Phase III trial.

Anti-Vascular Endothelial Growth Factor Agents

Vascular endothelial growth factor (VEGF) is an important molecule in angiogenesis
development. Thus, anti-VEGF therapy is an attractive approach to treat AMD (64–66).
In human studies, high VEGF concentrations are present in the vitreous in angio-
genic retinal disorders but not in inactive or non-neovascularization-associated dis-
ease states (65,66). Further, VEGF is preferably localized within the cytoplasm of
retinal pigment epithelial cells in the highly vascularized regions of surgically excised
CNV membranes in humans and in animal models (64,67). Recent preclinical and
clinical studies have demonstrated that blocking VEGF may have potential impor-
tance in the treatment of CNV secondary to AMD (68,69). In addition, anti-VEGF
therapy may address the destructive effects caused by leakage secondary to CNV.
VEGF, also known as vascular permeability factor, increases vascular leakage
50,000 times more potently than does histamine (70). Recent laboratory work sug-
gested that anti-VEGF therapy may inhibit diabetes-induced blood–retinal barrier
breakdown in animals (71).

Pegaptanib Sodium (Anti-VEGF Aptamer, MacugenTM)

Pegaptanib sodium is a pegylated anti-VEGF aptamer (see Chapter 5). The drug
product is preservative-free and intended for single use by intravitreous injection
using a sterile 27-gauge needle

Fifteen patients were entered into a Phase IA safety study (68). This was a multi-
center open-label dose-escalation study of a single intravitreal injection of pegaptanib
sodium in eyes with subfoveal CNV due to AMD and visual acuity worse than 20/200
as tested with early treatment diabetic retinopathy study (ETDRS) protocol-charts.
Doses tested varied from 0.25 to 3.0mg per eye. Visual acuity at three months was
stable (unchanged) or improved in 80% of eyes, and 26.7% had a three-line or greater
increase in ETDRS acuity. Eleven of the 15 patients experienced adverse events includ-
ingmild intraocular inflammation, scotoma, visual distortion, hives, eye pain, and fati-
gue. There were no signs of retinal or choroidal toxicity on color photos or fluorescein
angiography. This Phase IA study has demonstrated that intravitreal pegaptanib
sodium is safe in doses of up to 3.0 mg/eye.

A multicenter, open-label, repeat-dose Phase IIA study of pegaptanib sodium
(3.0 mg/eye) was performed in patients with subfoveal CNV secondary to AMD
(72). The ophthalmic criteria included best-corrected visual acuity in the study eye
worse than 20/100 on the ETDRS chart, best-corrected visual acuity in the fellow
eye equal to or better than 20/400, subfoveal CNV with active CNV (either classic
and/or occult) of less than 12 total disc areas in size secondary to AMD, clear ocular
media and adequate pupillary dilation to permit good quality stereoscopic fundus
photography, and IOP of 21 mmHg or less. A cohort scheduled to receive PDT with
verteporfin prior to their first dose of pegaptanib sodium had to have equal to, or
more than a 50% classic component (predominantly classic lesion).
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If three or more patients experienced dose-limiting toxicity, the dose was
reduced to 2mg and then 1mg, if necessary. The intended number of patients to
be treated was 20; 10 patients with pegaptanib sodium alone and 10 patients with
both anti-VEGF therapy and PDT. Eleven sites in the United States were selected
for the studies. Hundred microliters of intravitreal pegaptanib sodium (3 mg/injec-
tion) was administered on three occasions at 28-day intervals.

PDT with verteporfin was given with pegaptanib sodium only in cases with pre-
dominantly classic (> 50%) CNV. The standard requirements and procedures for
PDT administration were used. PDT was required to be given 5–10 days prior to
administration of pegaptanib sodium.

Patientswere clinically evaluated by the ophthalmologist twoand eight days after
each injection and again onemonth later just prior to the next injection. ETDRS visual
acuities, color fundus photography, and fluorescein angiography were performed
monthly for the first four months. Blood samples were drawn prior to and one
week after each injection for routine hematologic and biochemical analyses and
at additional time points to monitor the circulating levels of pegaptanib sodium.

Visual acuity in both patient groups remained stable throughout their study
participation. One patient died prior to the final visit. No dose decrease was required
for any patients in the study.

Of those patients (n¼ 8) who completed the 3-month treatment regimen of
pegaptanib sodium alone, 87.5% had stabilized or improved visual acuity and
25.0% had a three-line improvement on the ETDRS chart at three months. Eleven
patients were treated with both pegaptanib sodium and PDT. In this group of
patients (n¼ 10) who completed the three months treatment regimen, 90% had sta-
bilized or improved vision and 60% showed a three-line improvement of visual acuity
on the ETDRS chart at three months.

Of the remaining patients who did not show a three-line gain, only one showed
a loss of vision at three months and this patient lost only one line of vision at this
time point. No patient in this group lost more than one line of visual acuity at three
months. Repeat PDT treatment at three months (whose need was solely determined
by the investigator) was performed in four of 10 eyes (40%) that participated for the
complete study duration.

Although there were no serious adverse events that were directly attributed to
the pegaptanib sodium injection, one patient in the Phase II clinical trial suffered two
myocardial infarctions. As circulating plasma levels of pegaptanib sodium have been
documented in the pharmacokinetic studies, these myocardial infarctions are of con-
cern because of the critical role VEGF plays in cardiovascular angiogenesis. The
patient had her first myocardial infarction 11 days after injection with pegaptanib
sodium and her second, fatal, myocardial infarction 16 days after injection. Despite
this patient not having elevated plasma drug levels, only further study will fully
delineate the role these circulating plasma drug levels have on the cardiovascular sys-
tem in these elderly patients.

In patients treated with pegaptanib sodium alone, ocular adverse events consid-
ered likely to be associated with intravitreal injection of pegaptanib sodium included
vitreous floaters or haze, mild transient anterior chamber inflammation, ocular irrita-
tion, increased IOP, intraocular air, subconjunctival hemorrhage, eye pain, lid edema/
erythema, dry eye, and conjunctival injection. In patients treated with pegaptanib
sodium and PDT, adverse events probably associated included ptosis (due to the con-
tact lens), mild anterior chamber inflammation, corneal abrasion, eye pain, foreign
body sensation, chemosis, subconjunctival hemorrhage, and vitreous prolapse.
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The results of this Phase IIA multiple intravitreal injection clinical study of
anti-VEGF therapy expanded the favorable safety profile reported in the Phase IA
single-injection study. Specifically, the Phase IIA study showed that three consecu-
tive anti-pegaptanib sodium intravitreal injections given monthly did not cause seri-
ous ocular or systemic adverse events. The adverse events encountered appeared to
be unrelated to study drug and were generally minor. In most cases they were prob-
ably related to the intravitreal injection procedure or to the PDT therapy. These
results provided the basis for the Phase III pegaptanib sodium trial described below.

Phase III (VISION) Trial—VEGF Inhibition Study in Ocular Neovasculari-

zation. In the Phase III (VISION) clinical trial, patients were randomized to intra-
vitreal injection or sham injection given every six weeks for 54 weeks (73). Two
separate trials were conducted, one in North America and the other in Europe.
Patients received either 0.3, 1.0, or 3.0mg of pegaptanib sodium or sham injection
in 1:1:1:1 randomization. Inclusion criteria included subfoveal CNV secondary to
AMD (< 12 MPS disc areas in size, including lesion components) with any lesion
composition and ETDRS visual acuity between 20/40 and 20/320 in the study eye
and better or equal to 20/800 in the fellow eye. For patients with minimally classic
or purely occult CNV, subretinal hemorrhage had to be present (but comprising no
more than 50% of the lesion) and/or lipid and/or documented evidence of three or
more lines of vision loss (ETDRS or equivalent) during the previous 12 weeks.
Patients with predominantly classic CNV could receive combination treatment with
verteporfin and ocular PDT based on investigator discretion.

A total of 1186 patients were included in efficacy analyses; 7545 intravitreous
injections of pegaptanib sodiumand2557 sham injectionswere administered.Approxi-
mately 90% of the patients in each treatment group completed the study. An average of
8.5 injections were administered per patient out of a possible total of nine injections.

Efficacy was demonstrated, without a dose–response relationship, for all three
doses of pegaptanib sodium. In the 0.3mg group, 70% of patients lost fewer than 15
letters of visual acuity, compared with 55% of controls (P< 0.001). The risk of severe
visual acuity loss (loss of 30 letters or more) was reduced from 22% in the sham
group to 10% in the group receiving 0.3mg of pegaptanib sodium (P< 0.001). More
patients receiving pegaptanib sodium 0.3mg, compared with sham injection, main-
tained or gained visual acuity (33% vs. 23%; P¼ 0.003). At all subsequent points
from six weeks after beginning therapy, the mean visual acuity among those
receiving 0.3mg of pegaptanib sodium was better than in those receiving sham injec-
tions (P< 0.002). There was no evidence that any angiographic lesion subtype, the
lesion size or the visual acuity level at baseline precluded a treatment benefit. In the
study, 78% of patients never received PDT. A slightly higher proportion of patients
receiving sham injections than those receiving pegaptanib sodium received PDT
after baseline, suggesting a possible bias against pegaptanib sodium.

The most common adverse events were endophthalmitis (in 1.3% of patients—
0.16% per injection), traumatic injury to the lens (in 0.7% patients), and retinal
detachment (in 0.6% patients).

Based on the results described above, Eyetech received Food and Drug Adminis-
tration approval to market pegaptanib sodium for treatment of patients with neovascu-
lar AMD. This drug is the first anti-angiogenic agent to receive approval to treat AMD.

Patients who were initially enrolled in the VISION study will be re-randomized
after 54 weeks of treatment to either continue or discontinue therapy for a further
48 weeks. Patients who show improved vision in the first year and deteriorate to base-
line vision after stopping treatment may receive previously assigned (active) treatment.
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RanibizumabTM (Rhufab V2, Lucentis)

Rhufab V2 (Lucentis1) is a humanized anti-VEGF antibody fragment which binds to
VEGF, thus blocking CNV and vascular leakage (74). RhuFab is the Fab portion (the
antigen-binding portion) of anti-VEGFmonoclonal antibody (74). It is a recombinant
antibody that consists of two parts: a nonbinding human sequence and a high-affinity
binding epitope derived from themouse, which serves to bind the antigen. Itsmolecular
weight, 48,000, makes it much smaller molecule than the full-length monoclonal anti-
body which has a molecular weight of 148,000. Unlike the full-length antibody, after
intravitreal ranibizumab injection, it can penetrate the internal limiting membrane
and gain access to the subretinal space. In primates intravitreal rhuFab injection pre-
vented the formation of clinically significantCNVanddecreased the leakage of already
formed CNV with no significant toxicity (see Chapter 5) (75).

RanibizumabTM has been studied in three Phase I/II trials in humans and is
currently undergoing two pivotal Phase III clinical trials in patients with neovascular
AMD and subfoveal CNV.

Study FVF1770g was a Phase I, open-label, dose-escalation trial of a single
intravitreal injection of ranibizumab in subjects with new or recurrent CNV caused
by exudative AMD.

Study FVF2128g, a Phase IB/II randomized, controlled, single-agent trial of
two different rhuFabV doses given as multiple intravitreal injections was conducted
(76). Sixty-four patients were enrolled in a single-agent, multicenter trial. The mean
age of the treated patients was 78 years (range 63–87), 56% were female, and 92%
were Caucasian. In the drug-treated group (n¼ 53), intravitreal rhuFab V2 injections
(either 300 or 500 mg) were administered to one eye every four weeks for four weeks.
Control eyes (n¼ 11) were treated with standard of care (no ranibizumab). Three dif-
ferent groups of subjects were enrolled in the study based on disease pattern as deter-
mined by fluorescein angiography (predominantly classic or minimally classic) and
prior treatment: minimally classic (48% of treated patients), predominantly classic
(28% of treated patients), and patients previously treated with PDT (24% of treated
patients). Patients were monitored for safety and visual acuity. Visual acuity was
defined as change from baseline in total number of letters read correctly (gained
or lost) on the ETDRS chart. Baseline visual acuity of the enrolled patients ranged
from 20/50 to 20/400, with a median of 20/125. There were no drug-related serious
adverse events, and only two of 25 had transient vitreal inflammation. By day 98,
after four injections, the visual acuity increased by three lines or greater in eight
of 24, was stable in 14 of 24, and decreased by three lines or greater in two of 24
patients. The results from the first cohort of treated patients suggest that ranibizu-
mab is well tolerated and visual acuity results were promising.

Study FVF 2425g was a Phase I, open-label, randomized study of three escalat-
ing multiple-dose regimens of intravitreal ranibizumab administered to subjects with
primary or recurrent CNV caused by AMD. The goal was to ascertain whether a
dose higher than 500 mg (up to 2000 mg) was safe to inject every two or four weeks,
through 20 weeks. Mean visual acuity improved in each dose group, and no serious
ocular adverse events were encountered. Overall, visual acuity was stable in 48%,
improved by at least 15 letters in 44%, and decreased by 15 letters or more in 7%.
The study concluded that the more frequent and higher doses of ranibizumab were
well-tolerated.

The FOCUS trial was a Phase II trial for patients with predominantly classic
subfoveal CNV due to AMD, designed to evaluate the efficacy of intravitreal
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ranibizumab in combination with PDT, versus PDT alone (2:1 randomization). All
patients receive PDT every three months if indicated by leakage from CNV. In addi-
tion, one group receives 13 monthly 500 mg intravitreal ranibizumab injections, and
the other group receives 13 monthly sham injections, for two years.

There are two pivotal Phase III clinical trials that enrolled patients with neo-
vascular AMD and subfoveal CNV. In each Phase III trial, the primary end point
is the proportion of patients losing 15 or more letters of vision. In the Minimally
classic/occult trial of Anti-VEGF antibody RhuFab V2 in the treatment of Neovas-
cular AMD Trial (MARINA, FVF2598g; Genentech), patients were randomized
(1:1:1) to receive RanibizumabTM (300 or 500 mg) versus a sham injection for 24
months, for primary, minimally classic/occult, subfoveal CNV. Similarly, the
Anti-VEGF Antibody for the Treatment of Predominantly Classic Choroidal Neo-
vascularization in AMD trial (ANCHOR, FVF2587g; Genentech) is evaluating rani-
bizumab versus PDT for the treatment of primary or recurrent, predominantly
classic, subfoveal CNV. Patients were randomized 1:1:1 to receive 24-monthly intra-
vitreal ranibizumab injections of 300 or 500 mg or PDT. Patients in the ranibizumab
group were eligible to receive additional PDT every three months if they show leak-
age from CNV on fluorescein angiography.

The PIER trial was a Phase IIIB trial in which AMD patients with subfoveal
minimally classic, predominantly classic, or occult-only CNV were randomized 1:1:1
to receive 300 or 500 mg of ranibizumab or a sham injection. Three monthly injec-
tions were followed by injections every three months thereafter.

In summary, the pharmacological treatment of AMD is a promising method to
stop the progression of this devastating disease. The route of drug delivery plays a
crucial role in the success of this treatment modality. A less invasive approach
may also make the prophylactic treatment of AMD possible.
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INTRODUCTION

The main goal in the treatment of uveitis is to eliminate intraocular inflammation
and thereby relieve discomfort and prevent visually significant complications such
as cataract, cystoid macular edema, and hypotony. When anti-inflammatory drugs
are given systemically, it is often necessary to give high doses over long time per-
iods to achieve an effective ocular anti-inflammatory effect. Corticosteroids are the
mainstay of uveitis therapy, however treatment may not be fully effective, or side
effects may be treatment-limiting. It is then often necessary to switch to alternative
drugs. These agents can be broadly described as steroid-sparing drugs as they
can either reduce the amount of corticosteroids needed in a given patient, or they can
replace corticosteroids altogether. Broadly speaking these steroid-sparing medica-
tions can be classified as immunosuppressives and immunomodulators. Immuno-
suppressives include antimetabolites, such as methotrexate, azathioprine and
mycophenolate mofetil and alkylating agents, such as cyclophosphamide and chlor-
ambucil. Immunomodulators include calcineurin inhibitors such as cyclosporin A
(CsA) and tacrolimus (FK506), and cytokine inhibitors including etanercept and
infliximab.

Uveitis treatments can be delivered topically, periocularly, intraocularly or
systemically, and there are problems common to all delivery techniques and specific
to each delivery method. Compliance with any form of regular medication can be a
problem particularly if its administration is associated with discomfort or if its side
effects are unpleasant. Some medications, particularly hydrophobic compounds,
may cross the blood–retinal barrier poorly, which is an important consideration
for all delivery systems except intraocular injections. Topical medications, which
have the least side effects, do not penetrate into the posterior segment and are unsui-
table for posterior uveitis, which is often sight-threatening.

Intraocular injections are associated with significant complications and often
must be repeated at regular intervals in patients with a chronic disease such as uvei-
tis. Similar difficulties are associated with periocular injections although the compli-
cation rate is lower and those that do occur are usually less severe. The main
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advantage of intraocular or periocular injections is that there is a relatively high dose
of drug delivered to the eye with few or no systemic side effects.

In severe, sight-threatening uveitis systemic immunosuppression may be the
only treatment that can adequately control the disease. However, all the previously
outlined medications have significant systemic side effects particularly if they are
used for prolonged periods of time and these side effects can be treatment-limiting.
Many immunosuppressive drugs are teratogenic and are contraindicated during pre-
gnancy or may prevent conception. Most side effects become apparent during treat-
ment and can damage specific organs such as the liver and kidneys, the functioning
of which need to be monitored during treatment. However, some side effects includ-
ing osteoporosis and lymphoproliferative malignancies may not become apparent
until many years after treatment has stopped. Osteoporosis is particularly related
to corticosteroid use even at low doses. Rapid and extensive bone loss has been
associated with corticosteroid doses >5mg for three months or more. Long-term
immunosuppression may also increase the risk of developing cancer, particularly
solid tumors and lymphomas. This increased cancer risk is probably the result of
reduction of normal immunosurveillance or direct effects of the medication on the
patient’s DNA.

An increasing number of sustained-release drug devices using different mechan-
isms and containing a variety of immunosuppressive agents have been developed to
treat uveitis. All these devices try to maximize the time that an effective amount of a
given drug for a given disease remains in the eye while minimizing any side effects asso-
ciated with device insertion, prolonged exposure of the eye to components of the med-
ication or the device itself, and systemic absorption of the medication.

CORTICOSTEROID DEVICES

Although corticosteroids are the first-line treatment for uveitis and can be delivered
topically, local injection or systemically, they are associated with a number of side
effects and recurrence of inflammation frequently occurs after cessation of treatment
(1). Topical corticosteroids do not penetrate the posterior segment well and can
cause poor wound healing, corneal toxicity, and elevated intraocular pressure (2).
Local therapy given as periocular corticosteroid injection can be effective. However,
multiple periocular corticosteroid injections may be necessary for disease control and
each injection carries a number of risks including localized toxic drug delivery vehicle
reactions, extraocular muscle fibrosis, and inadvertent globe injury (3). The side
effects of chronic systemic corticosteroid administration have been well documented
and include changes in appearance, hypertension, hyperglycemia, gastritis, opportu-
nistic infections, and life-threatening psychosis (Fig. 1) (4).

Sustained intraocular corticosteroid delivery can overcome systemic side effects
associated with oral topical and periocular therapy while at the same time provide
effective suppression of intraocular inflammation (5–9). However, sustained intrao-
cular therapeutic corticosteroid levels are required to adequately treat uveitis that
typically has a chronic and recurrent course. Some corticosteroids such as dexa-
methasone phosphate are less suitable for treatment of chronic intraocular inflam-
mation as they have half-lives of < 4 hours when administered intravitreally and
are rapidly removed from the eye (5,9).

In contrast 4mg of triamcinolone acetonide, a minimally water-soluble steroid,
injected intravitreally has a mean elimination half-life of 18 days in nonvitrectomized
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Figure 1 Photographs of a 17-year-old male patient who had Bechet’s syndrome for three
years which required treatment with long-term systemic corticosteroids as well as immuno-
suppressive drugs. Note the pronounced corticosteroid-induced side effects including skin
striations and Cushingoid appearance.
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eyes and measurable concentrations of triamcinolone acetonide would be expected to
last for up to three months in such eyes (Fig. 2) (10). Furthermore, a measurable con-
centration of triamcinolone acetonide has been documented to last as long as 1.5
years after a larger 25mg intravitreal injection (11). Intravitreal triamcinolone
acetonide may be an effective short-term treatment for cystoid macular edema
associated with intraocular inflammation secondary to idiopathic uveitis, HLA
B27-associated uveitis, intermediate uveitis, birdshot retinochoroidopathy, and sym-
pathetic ophthalmitis (12–16). However, even with a possible therapeutic effect of
three months using a standard 4mg dose, long-term use of triamcinolone acetonide
to treat chronic uveitis would still require multiple intraocular injections. In contrast
both biodegradable and nondegradable devices have been used to deliver intraocular
steroids over sustained periods without the need for repeated intraocular injections.

Biodegradable Dexamethasone Device

A biodegradable polymer matrix containing dexamethasone has been developed to
treat postcataract uveitis. The device, called Surodex1, is 1mm long and 0.5mm
wide and can be designed to release dexamethasone for periods ranging from days
to months (Fig. 3) (17). In a Phase I human clinical trial the device effectively sup-
pressed postoperative inflammation in six patients who underwent cataract surgery
without any clinically significant adverse safety problems.

A subsequent Phase II, multicenter, randomized, double-masked, placebo-
controlled clinical trial was performed in patients undergoing phacoemulsification
and intraocular lens implantation (18). Only one eye per patient was eligible for
treatment and exclusion criteria included previous uveitis, concurrent anterior
segment disease or intraoperative surgical complications. Patients were randomized
in a 2:1 ratio into an active treatment group or a control group. Patients in the two

Figure 2 Intravitreal triamcinolone concentrations after a single intravitreal triamcinolone
acetonide injection in five eyes. Concentration–time data for each vitreous sample for all
patients are shown along with two-compartment model-derived pharmacokinetic curves.
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treatment groups received either one or two biodegradable devices containing 60 mg
of dexamethasone, respectively. There were two different control groups; one
received no device and the other received a placebo device that contained no drug.
All devices were placed in the posterior chamber between the iris and the anterior
surface of the intraocular lens. The device was positioned in the posterior chamber
to ensure that postoperative examiners were masked as to whether any given eye
had received an implant (18). Ocular or systemic steroidal or nonsteroidal anti-
inflammatory medications were not allowed for two weeks before surgery or two
days after surgery. On the third postoperative day the masked examiner could start
any anti-inflammatory medications required, while antibiotics and pressure-lowering
medications were allowed at any point in the postoperative period.

Ninety patients were randomized into the four groups, of which 89 completed
the study follow-up period of 60 days. Thirty eyes received two drug devices, 29 eyes
received one drug device, 15 eyes received a placebo device, and the remaining 15 eyes
received no device at all. A significantly higher proportion of eyes in the control
groups (80.0% at week 2) required topical corticosteroid medication to control intra-
ocular inflammation when compared with the treatment groups (7.0% at week 2).
Furthermore, eyes in the control groups required rescue anti-inflammatory medica-
tions sooner than eyes in the treatment groups. Control patients had significantly
more objective signs of intraocular inflammation than treatment patients, while there
was no difference in mean intraocular pressure in either treatment or control groups
during the study period.

On the first postoperative day eyes that received one device had significantly
higher cell and flare scores than eyes that received two devices. However, there
was no statistically significant difference in these objective measurements of inflam-
mation between eyes that received one or two drug devices at any of the remaining
follow-up examinations. Similarly, no significant difference was found between the
cell and flare counts at any of the follow-up examinations in eyes that received a

Figure 3 (See color insert) Slit-lamp photograph of an isolated incidence in which two Sur-
odex devices are visible in the inferior angle. In most cases Surodex pellets are sited deeper
within the angle and are not visible on slit-lamp examination.
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placebo device or no device at all. Comparative data on the need for rescue medica-
tions and intraocular pressure between eyes with one or two devices and eyes with a
placebo device or no device was not available in the published study report (18).

A separate randomized, double-masked study compared postcataract anterior
segment inflammation in eyes that received the same biodegradable device contain-
ing 60 mg of dexamethasone with eyes that were treated with 0.1% topical dexa-
methasone (17). In total 60 eyes in 60 patients were studied of which 32 eyes
received a drug device. Eyes were followed for four weeks after surgery. After the
fourth postoperative day anterior segment flare as measured by a laser flare meter
was significantly lower in eyes that received a drug device when compared with eyes
that were treated with drops alone. Anterior chamber cell counts at the slit lamp
were also lower in eyes that had a drug implant when compared with those that
did not but this difference was not significant. A third study by the same authors sub-
sequently demonstrated that the drug device was equally effective if it was placed in
the anterior segment or the ciliary sulcus and that insertion in the anterior chamber
did not affect corneal endothelial cell counts (19).

A biodegradable dexamethasone sustained-release device called Posurdex1

which is inserted into the posterior segment has been developed to treat macular
edema secondary to diabetes, retinal vascular occlusion, cataract surgery, and uveitis
(Fig. 4). A Phase II trial randomized eyes with macular edema to one of three groups
to study the safety and efficacy of the device. Eyes in the two treatment groups
received a device containing either 700 or 350 mg of dexamethasone while a third,
control group received no device and was observed only. Although over 300 patients

Figure 4 Photograph of a Posurdex, a biodegradable dexamethasone sustained-release
device which is inserted into the posterior segment.
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were enrolled in the study only a small percentage of eyes had cystoid macular edema
secondary to uveitis. However, when the 6-month data of all eyes was analyzed a
greater than three-line improvement in visual acuity was seen in a significantly higher
proportion of eyes that received a device than eyes that did not. Furthermore, there
were no significant adverse advents associated with the device. Based on these
results, a Phase III trial of the device has been initiated.

Nondegradable Dexamethasone Device

In view of successful animal experiments (20; see also Chapter 14), a sustained-release
dexamethasone device was implanted in one eye of a patient with bilateral severe uvei-
tis associated with multiple sclerosis (20,21). The patient had previously undergone
pars plana lensectomy and vitrectomy in the right eye for decreased vision associated
with cataract. Despite chronic topical corticosteroids, the patient had persistent bilat-
eral low-grade inflammation and recurrent severe bilateral iridocyclitis. Best corrected
visual acuity was 20/400 in both eyes. Systemic corticosteroids and methotrexate con-
trolled the intraocular inflammation but the patient was intolerant of these medications
because of systemic side effects. The nondegradable dexamethasone device was inserted
into the patient’s left eye.

The implant, which consisted of a 5-mg drug core surrounded by ethylene vinyl
acetate and polyvinyl alcohol, was inserted through the pars plana after pars plana
vitrectomy and lensectomy. The device was well tolerated and the patient’s eye
remained quiet and did not require any supplemental local corticosteroids. The
visual acuity remained at 20/400 in the left eye and the intraocular pressure
remained normal. In contrast, the patient had two episodes of recurrent anterior seg-
ment inflammation in the right eye, despite intensive topical steroids. After 10
months, the intraocular inflammation recurred in the patient’s left eye, presumably
because the device and surrounding tissues had become depleted of dexamethasone.

Pars plana vitrectomy with lensectomy has been reported to reduce the severity
and intensity of uveitic episodes (22). However despite those procedures, it was not
possible to eliminate topical steroid treatment in the right eye which did not become
quiet until supplemental systemic immunosuppressants were started. In contrast, the
left eye was quiet three months after the device implantation and remained quiet for
10 months. These results suggest that the dexamethasone implant had an anti-
inflammatory effect not attributable to the lensectomy or vitrectomy. While the
device was effective for 10 months, an even longer duration of drug effect is desir-
able. The limited dexamethasone device duration of action is a function of the drug
solubility and the size of the device. While dexamethasone is relatively insoluble a
very large device would be needed to permit drug release over a long period. This
large size is a significant disadvantage when dexamethasone used in a device to treat
a chronic disease like uveitis.

Nondegradable Fluocinolone Acetonide Device

Fluocinolone acetonide is a lipophilic, synthetic corticosteroid with a potency similar
to dexamethasone. However, fluocinolone acetonide is 1/24th as soluble as dexa-
methasone, which makes it very insoluble. Thus it can be released over a much
longer period of time than dexamethasone without an excessively bulky polymer
system (23; see also Chapter 14). A prospective, noncomparative interventional case
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series of a sustained-release (24) drug delivery device containing fluocinolone aceto-
nide to treat uveitis was undertaken. Pellets containing 2.1mg of the drug were
coated in a polyvinyl alcohol and silicone laminate and fixed to a polyvinyl alcohol
suture strut (Fig. 5). The devices were designed to release 2 mg of fluocinolone acet-
onide per day for approximately three years.

Inclusion criteria for patients enrolled in the study included severe uveitis with
posterior segment involvement with or without iridocyclitis, previous favorable
response to oral or periocular corticosteroids, treatment-limiting side effects asso-
ciated with systemic or periocular corticosteroids or systemic nonsteroidal immuno-
suppressive agents, intraocular pressure controlled at �21mmHg with no more than
one anti-ocular hypertensive drop and ability to attend follow-up visits. In total,
seven eyes of five patients were included and the patients had a diagnosis of Bechet’s
syndrome or idiopathic panuveitis. The mean uveitis duration before device implan-
tation was six years and the mean visual acuity was 20/207.

The device was implanted via the pars plana and a posterior infusion was used
in three eyes that had undergone prior vitrectomy. Cataract surgery was undertaken
at the time of the device implantation in two eyes. There were no intraoperative com-
plications in any of the eyes. The mean follow-up was 10 months. All seven eyes had
stabilized or improved visual acuity while four eyes improved three or more lines.
Mean postoperative visual acuity was 20/57, which was significantly better than
the mean preoperative visual acuity.

All eyes remained quiet for the duration of the follow-up period, with no more
than occasional anterior chamber cells, clear media, and no recurrences of vitritis,

Figure 5 Photograph of a drug delivery device containing 2mg of fluocinolone acetonide
(left). Ganciclovir device is shown on the right for comparison. Note the smaller size of the
fluocinolone device. The drug core is surrounded by a polyvinyl alcohol/silicone laminate.
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retinitis or chorioretinitis. Resolution of cystoid macular edema was documented in
one eye (Fig. 6). In contrast, three of the four binocular patients had severe inflam-
mation of the fellow eye in the follow-up period. A drug device was subsequently
placed in the fellow eye of two of the patients. All eyes had a marked reduction in
anti-inflammatory medication use. Before drug device implantation, all seven eyes
required periocular corticosteroid injections at regular intervals ranging from every
two weeks to every three months. Furthermore, six of seven eyes required intensive
topical steroids and one patient required high-dose systemic steroids. Postopera-
tively, no eye required topical or periocular steroids and one patient was on 10mg
prednisone every other day to permit adrenal gland recovery after chronic cortico-
steroid use. The mean pre- and postoperative intraocular pressure was 13.1 and
15.7mmHg, respectively, a difference that was not significant. However, four of
the seven eyes had elevation of the intraocular pressure, which was controlled in
all eyes with topical medications.

Based on the favorable results obtained from the initial series, additional
patients were enrolled into a single-investigator randomized trial in which the
2.1mg device described above, or a 0.59mg device designed to release drug at
0.5mg/day for approximately three years was inserted (25). Enrollment criteria were
identical to those used for the initial five patients. The results of this trial that
included 36 eyes of 32 patients were similar to the initial series and were maintained

Figure 6 Fluorescein angiograms of the left eye of a patient with pan-uveitis for 5.5 years
treated with a fluocinolone acetonide implant. (A, C) Mid arteriovenous phase and late phase
frames, respectively, before device implantation showing petaloid hyperfluorescence corre-
sponding to cystoid macular edema. (B, D) Mid arteriovenous phase and late phase frames,
respectively, four months after device implantation showing resolution of the petaloid hyper-
fluorescence.
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over an extended time period. Mean follow-up duration was 683.2� 461.1 days
(204–1817 days). Inflammation was effectively controlled during the follow-up per-
iod. The average number of recurrences in the 12 months preceding device implanta-
tion was 2.5 episodes per eye. There were no recurrences during the first two years
following device implantation, and there were only five recurrences for the group
as a whole during the follow-up period (Fig. 7). Baseline visual acuity for the fluo-
cinolone device-implanted eye was þ1.1 log MAR units (20/250) which improved
significantly to þ0.81 log MAR units (20/125) at 30 months (P < 0.05). Addition-
ally, there was a reduction in systemic and local therapy use in the device-implanted
eyes. There was a reduction in systemic anti-inflammatory medication use from base-
line, 53.1% to 38.8%, 24 months following device implantation. Of those still on sys-
temic medications, the dose was reduced in 68% of the patients postoperatively, and
none required systemic medications for the device-implanted eye (they were given for
the fellow, nonimplanted eye, or for systemic disease manifestations). The percentage
of eyes that required posterior subtenon’s capsule injection following fluocinolone
device implantation was significantly less than those requiring a posterior subtenon’s
injection in the 12 months preceding device implantation. In the 12 months preced-
ing injection, the average posterior subtenon’s capsule injection rate was 2.2 injec-
tions per eye per year. After implantation, no injections were given for the first
two years, and only 0.03 injections per eye were given by 36 months. At baseline,
78.1% of eyes required topical anti-inflammatory drops; this percentage continuously
declined over the follow-up period. On average at baseline, 6.1 drops per eye per day
were given; by 30months, only 0.3 drops per eye per day were given. The most com-
mon adverse event was intraocular pressure rise. At baseline 16.7% of patients used
pressure lowering agents compared with 47.6% over the follow-up period (P< 0.05).
Filtering procedures were performed in seven (19.4%) eyes. Of eight phakic eyes at

Figure 7 Kaplan–Meier graph showing the freedom from recurrence (first recurrence after
implantation) for the device-implanted eyes and fellow eye over time.
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baseline, four required cataract extraction during the follow-up period. There were
no device explantations or patients lost to follow-up during the investigation.

In view of these promising results a randomized, prospective, multicenter study
was undertaken at 27 sites in the United States and one in Singapore to further assess
the role of sustained-release fluocinolone in the treatment of chronic uveitis. In this
trial, 278 eyes with noninfectious posterior uveitis were randomized to receive a
device containing either 0.59 or 2.1mg of fluocinolone acetonide. In bilateral cases
the device was placed in the more severely affected eye. When the aggregate 34-week
data were analyzed, eyes that received a drug device had a very low uveitis recurrence
rate. The aggregate recurrence rate for the two dose implants decreased from 51.4%
in the 34 weeks prior to device implantation to 6.1% in the 34 weeks following
implantation. The recurrence rate in the eyes implanted with the 0.59mg implant
did not differ significantly from that observed in eyes implanted with the 2.1mg
device. The vast majority of eyes had stabilized or improved visual acuity following
device implantation and 21% of eyes that received an implant had an improvement in
visual acuity of three or more lines. Overall the use of systemic corticosteroid and/or
immunosuppressive therapy decreased at 34 weeks as did the need for adjunctive
topical and periocular corticosteroid treatments. The most common adverse effects
included elevation of intraocular pressure and cataract progression. The proportion
of eyes that required ocular antihypertensive agents increased from approximately
14% at baseline to 50% at week 34, and 6% of eyes required filtration surgery.
Approximately 10% of eyes required cataract extraction during the follow-up period.
Based on the individual-investigator data described previously, the proportion of
eyes in the multicenter-study population with elevated intraocular pressure requiring
topical therapy and filtering surgery, and the proportion that require cataract extrac-
tion, is expected to rise, with increased follow-up duration. Based on the favorable
efficacy results, and manageable safety concerns observed in the multicenter trial
described above, and similar results obtained in a second multicenter pivotal trial
performed in the United States, Canada, and Asia, in April, 2005, the United States
Food and Drug Administration granted approval to market the implant, called
Retisent (Bausch and Lomb Inc., Rochester, NY) for the treatment of severe poster-
ior uveitis. As of this writing, the fluocinolone implant represents the only FDA-
approved intraocular sustained drug delivery implant to treat severe uveitis.

CYCLOSPORINE DEVICES

While corticosteroids are often effective in treating uveitis when administered
systemically and locally, an alternative treatment may be required in eyes with a history
of steroid-induced glaucoma or in a case of uveitis refractory to steroid treatment.
Cyclosporin A (CsA) is a naturally occurring hydrophobic macrolide produced by soil
fungi and is a potent immunosuppressive agent that selectively suppresses T-cell activa-
tion by inhibiting the phosphatase action of calcineurin thereby suppressing transcrip-
tion of interleukin 2 and other early Phase T-cell activation genes (26,27). This cytokine
inhibition prevents clonal expansion of helper and cytotoxic T-cells. CsA also prevents
inflammatory cell chemotaxis, particularly eosinophils. Peak CsA blood levels are
reached six hours after ingestion, the drug is metabolized by the cytochrome P450
microsomal system in the liver and it is concentrated in the liver.

CsA penetrates the eye poorly when given as a topical agent (28). Accordingly,
topical CsA is not generally given to control intraocular inflammation. In contrast,
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moderate intraocular CsA levels are achieved with oral administration and systemic
administration of CsA alone effectively suppresses intraocular inflammation in
two uncontrolled case series of pediatric and adult patients with various uveitic
diseases (29,30). A randomized controlled trial showed that CsA was as effective
as corticosteroids in suppressing intraocular inflammation and an enhanced
anti-inflammatory effect was noticed when CsA was used in conjunction with
corticosteroids (31).

Side effects of systemic CsA may include oral ulceration and gingivitis, hyper-
trichosis, malaise, headaches, muscle cramps, and gastrointestinal disturbance. Serious
side effects such as nephrotoxicity and hypertension may be treatment-limiting (32).
Prolonged use of cyclosporine and, thus, good patient compliance with the treatment
is required in order to adequately control intraocular inflammation.

Nondegradable Cyclosporine Device

Direct intraocular injection of cyclosporine has been shown to control intraocular
inflammation in an animal model of uveitis (33). However, the half-life of intravitreal
cyclosporine is short which limits its effectiveness in a chronic disease such as uveitis
(34). A small Phase I pilot study was undertaken by the National Eye Institute in 1998
to evaluate the safety and effectiveness of cyclosporine, delivered directly into the eye,
using a sustained-release device. Patients with uveitis with active inflammation and
poor vision were eligible to participate in this study and patients were randomly
assigned to one of two treatment groups. One group received a 1-mg implant that
releases 0.8 mg of drug per day while the second group received a 2-mg implant
that delivers 1.4 mg of drug a day. Baseline examination included a complete eye
examination and fluorescein angiography. Electroretinography (ERG) was also per-
formed in view of reversible ERG changes seen in rabbits but not primates (34).
Patients were reviewed one and two weeks after surgery, then once a month for six
months, and then every three months until the implant was either depleted of drug
or removed. This study is ongoing and results are not yet available.

CONCLUSIONS

Uveitis is a potentially sight-threatening disease which has traditionally been treated
with topical corticosteroids supplemented by periocular, intravitreal, and systemic
corticosteroids in more severe cases. Chronic use of local and systemic corticoster-
oids can result in significant side effects some of which are life threatening. While
newer immunosuppressive agents can reduce the amount of systemic steroids needed
to control sight-threatening uveitis, most of these agents are poorly absorbed by the
eye when applied topically, and have significant associated side effects. The chronic
nature of uveitis also requires long-term patient compliance with prescribed medica-
tions. Sustained-release devices used to treat uveitis allow local delivery of immuno-
suppressive agents in adequate concentrations without the systemic side effects
and remove the need for patient medication compliance. For selected patients the
potential complications associated with the insertion of these devices have not
outweighed these advantages to date. A range of anti-inflammatory medications
some of which have been used systemically to treat uveitis and some which have
not could be used in sustained-release devices in the future. Other future horizons
could include devices containing complementary drugs and responsive sustained-
release delivery systems.
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Drug Delivery for Proliferative
Vitreoretinopathy: Prevention
and Treatment

Stephen J. Phillips and Glenn J. Jaffe
Duke University Eye Center, Durham, North Carolina, U.S.A.

RETINAL DETACHMENT/PROLIFERATIVE VITREORETINOPATHY

Despite improvements in surgical technique, proliferative vitreoretinopathy (PVR)
remains a common and significant vision-threatening complication of retinal detach-
ment repair and trauma. A clinically significant form of PVR occurs following
approximately 5–10% of all rhegmatogenous detachment repairs (1–6). In these eyes,
PVR typically develops approximately six weeks after the initial surgical repair. In
eyes with established severe PVR at the time of surgery, postoperative reproliferation
and redetachment occurs in up to 55% of cases (7).

After retinal detachment or surgical repair, breakdown of the blood–retinal bar-
rier occurs allowing serum components access to the vitreous cavity (8–10). Cells
migrate and proliferate on the surface and undersurface of detached retina (Fig. 1)
(11). Retinal pigment epithelial (RPE) cells are the key cell type in these proliferative
membranes. Other cell types, including glial cells, cells resembling fibroblasts, mono-
cytes, and T-lymphocytes have also been observed (12–16). Extracellular matrix,
produced by some of these cells comprises a large portion of the membrane (17). Cell-
mediated contraction within this fibrocellular membrane may lead to traction retinal
detachment, may cause new tears or reopen old tears and result in loss of vision (Fig. 2).

Cytokines play a critical role in the migration and proliferation of cells, the
production of extracellular matrix, and the ultimate development of proliferative
membranes. Some of the cytokines that have been implicated in PVR development
include platelet-derived growth factor, acidic and basic fibroblast growth factor,
epithelial growth factor, interleukin-1, tumor necrosis factor-alpha, transforming
growth factor-beta (TGF-b), macrophage colony-stimulating factor and macrophage
chemotactic protein-1 (MCP-1) (15,18–23).

Surgery is the primary form of therapy used to manage eyes with retinal detach-
ment and PVR. Epiretinal and occasionally subretinal membranes (Fig. 3) are
removed to release retinal traction, followed by reattachment and tamponade with
either gas or silicone oil. In a multicenter randomized clinical trial of 340 eyes with
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Figure 1 Migrating and proliferating cells in the subretinal space, on the retinal surface and
undersurface, and in the vitreous cavity following rhegmatogenous retinal detachment.

Figure 2 PVR with traction and retinal tear with rolled edges adjacent to cryopexy scar.
Abbreviation: PVR, proliferative vitreoretinopathy.
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rhegmatogenous retinal detachment and severe PVR comparing silicone oil with
C3F8 tamponade (Silicone Study Report), there was a final macular attachment rate
of 77% for cases managed with silicone oil and 79% for those receiving C3F8 gas tam-
ponade (24,25). In a separate study, a final macular attachment rate of 90% for initial
PVR surgery and 86% for repeat surgery was reported (26,27). However, visual
results remain disappointing. In the Silicone Study Report, only 25% achieved
20/200 acuity or better. In the subsequent study, visual acuity of 20/100 or better
was achieved in only 19% of patients after initial surgery and 11% after repeat surgery.

To minimize PVR, care is taken to ensure that all retinal breaks are closed,
cryotherapy is minimized to reduce RPE cell dispersion, and intraoperative bleeding
is avoided. The risk for PVR is highest in cases of giant retinal tear (16–41%) and in
penetrating ocular trauma (10–45%) (28). These cases are usually excluded from
series examining PVR incidence following primary retinal detachment repair. Certain
features have been consistently reported to be predictive of PVR following surgical
repair of primary rhegmatogenous retinal detachment. Those features include ante-
rior uveitis, aphakia, preoperative PVR, preoperative cryotherapy, detachment size,
and vitreous hemorrhage (29). Identifying those patients at highest risk for deve-
lopment of PVR has been a critical step in the development and testing of potential
prevention strategies. Asaria et al. (29) prospectively tested the accuracy of a risk for-
mula in determining which patients are likely to develop postoperative PVR. Based
on the presence or absence of known risk factors for PVR, patients were stratified into
either a high-risk or a low-risk group. Of the 130 patients in the low-risk group, 12
(9.2%) developed postoperative PVR. Of the 82 patients in the high-risk group, 23
(28%) developed PVR. The difference was statistically significant. Given the relatively
high surgical success rate of rhegmatogenous detachment primary repair, some stu-
dies that have failed to identify a treatment effect in prevention of PVR, may have
lacked statistical power. Therefore, future studies of prevention will need to focus
on enrolling populations at risk for the development of PVR.

While surgical techniques and instruments have improved and anatomic success
has remained fairly high, functional improvement has been limited. There is hope that

Figure 3 Retinal detachment with epiretinal membranes creating fixed retinal folds.
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by addressing the underlying disease at the cellular level, need for reoperation will
decrease and functional results will improve. Therefore, recent efforts have focused
on finding adjuncts to surgical treatment of PVR.

The ideal drug for treating patients at high risk for PVR, or for use as an adjunct
to surgery in established PVR would be one that achieves therapeutic levels in the eye
for weeks to months, one that addresses a variety of mechanisms of PVR development,
that can be delivered with minimal added surgical risk, and that has few to no ocular or
systemic side effects.

To date, only a few therapeutic agents have been tested in human clinical trials.
Methods of delivery have included systemic (oral), direct injection into the vitreous or
subconjunctival space, and as an additive to the infusion fluid at the time of surgery.

SYSTEMIC

While direct delivery of drug affords greater tissue concentration and has been the
focus of recent efforts, systemic delivery has the advantage of allowing daily dosing,
providing constant levels of drug for extended duration.

Prednisone

Corticosteroids have been investigated as a potential treatment for PVR. It has been
hypothesized that they might directly inhibit cellular proliferation and suppress
inflammation, and thereby prevent epiretinal and subretinal membrane formation
(30). The safety and efficacy of corticosteroids to treat PVR have been demonstrated
in animal studies (30–33). Systemic corticosteroids have been used to treat a variety
of ocular and nonocular conditions in humans. Systemic side effects of corticoster-
oids are well-documented and include, among others, cushingoid changes, osteo-
porosis, elevated serum glucose, hypertension, peptic ulcer disease, and psychiatric
disturbance.

Prednisone was given in the first human trial of systemic corticosteroid treat-
ment for PVR (34). A total of 141 patients were randomized to receive either predni-
sone (100mg for 5 days, 50mg for 10 days, and 50mg every other day for 40 days) or
placebo. At the six-month follow-up visit, an examination was done to detect any
evidence of PVR. The results suggested an inhibitory effect of corticosteroids on
postoperative retinal fibrosis, especially for subtle signs in the posterior pole. There
was no difference between the two groups in the incidence of advanced retinal
fibrosis, or in the presence of peripheral retinal fibrosis. The authors concluded that
higher tissue concentrations and a larger number of patients need to be evaluated
before a definitive statement can be made regarding the efficacy of corticosteroids
in preventing the development of PVR.

Retinoic Acid

Retinoids, a group of compounds related to vitamin A which have profound effects
on DNA transcription, have an inhibitory effect on cellular proliferation and have
been implicated in cellular differentiation (35–37). It has been suggested that deple-
tion of retinoic acid (RA) secondary to retinal detachment may result in morphologic
and proliferative changes in RPE that ultimately lead to PVR (38). RA also markedly
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reduces the production of TGF-b. In eyes of patients with PVR, TGF-b is increased
(39). It has been hypothesized that decreased levels of TGF-b, mediated by delivery of
RA acid, would be beneficial in the treatment of PVR (40).

The efficacy of RA in PVR has been evaluated in animal models. A single
intravitreal injection of RA used in conjunction with silicone oil reduces the incidence
of traction retinal detachment (40). Use of microsphere encapsulation of RA to
prolong the intravitreal half-life reduced the incidence of PVR in the rabbit model
by 64% (41). Intravitreal RA suspended in 1% sodium hyaluronate has also been
studied in a rabbit model of PVRand has similar inhibitory effect on PVRprogression.
The authors suggested that in cases in which silicone oil was not necessary, sodium
hyaluronate could be used as anRA vehicle, though transient elevations of intraocular
pressure could be expected (42).

Retinoic acid, available as an oral commercial preparation for the treatment of
severe cystic acne (Accutane) has been one of the great successes in dermatology.
However, it is not without side effects, some of which are severe. Oral retinoids
are potent teratogens, and approximately one-fourth of all exposed fetuses develop
birth defects. Their teratogenic potential has led to strict guidelines governing their
use in women of child-bearing potential. Other side effects, such as elevated liver
function tests, elevated serum lipids, and nyctalopia have also limited their use (43).

Retinoic acid has been studied in a limited retrospective human trial of PVR.
Ten patients who received 40mg oral 13-cis RA (Accutane) twice daily for four weeks
following surgery for PVR detachment were compared with 10 case-matched con-
trols. Though the sample size was small, the redetachment rate of the control group
(60%) was greater than that of the study group (10%) (44). Based on the results of this
pilot study, a clinical trial was planned, but has not yet been performed. To date, no
human trials evaluating local delivery of RA have been reported.

LOCAL DELIVERY

While systemic delivery of medications does not have associated surgical risks, it may
be difficult to achieve adequate intraocular penetration without causing systemic side
effects. To minimize systemic toxicity and increase retinal tissue drug levels, local
delivery methods to treat and prevent PVR have been investigated.

DIRECT INJECTION—SUBCONJUNCTIVAL OR INTRAVITREAL

5-Fluorouracil

5-Fluorouracil (5-FU) was one of the first drugs to be studied in human trials of
PVR. 5-FU, a pyrimidine analog that inhibits thymidilate synthetase, and therefore
DNA synthesis, has a greater effect on proliferating cells than it does on resting cells.
It has been used as an adjuvant in the treatment of breast, pancreas and abdominal
neoplasms, and has been used as a topical agent to treat dermatologic disorders,
including premalignant keratoses, basal cell carcinomas and viral warts. Parenteral
administration has been associated with bone marrow suppression and mucosal
alteration. While 5-FU has significant toxic effects if given systemically, local deliv-
ery appears to be relatively nontoxic (45,46). 5-FU has been studied in animal
models, and has also been studied in humans as adjunct to surgery for retinal detach-
ments with advanced PVR.
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Blumenkranz et al. (47) studied the effects of direct 5-FU injection in eyes of
22 consecutive patients undergoing retinal detachment repair for advanced PVR.
Eighteen patients had vitrectomy combined with scleral buckle and either air or
SF6 gas injection. Three had scleral buckle repair only and one that had previously
undergone vitrectomy had fluid–gas exchange alone.

Twelve patients received at least five consecutive 5-FU injections (10mg per
injection) beginning on the day of surgery (average 6.4 injections). Fourteen patients
received intravitreal 5-FU injections (1mg per injection) on one or more occasions
(average 1.7 injections). To avoid concentrating drug in the aqueous phase surround-
ing the intraocular gas used as a tamponade, intravitreal 5-FU was not given at the
time of surgery. Instead, patients were followed clinically until the intraocular gas
bubble had decreased in size to 50% or less before intravitreal injections were given.
Four patients had both intravitreal and subconjunctival injection.

No serious systemic or ocular complications were observed, and retinal reattach-
ment was achieved in 60% of patients postoperatively. The number of patients studied
was small. However, the authors believed this therapy resulted in an improved success
rate compared with other studies of the reattachment rate following surgery for
advanced PVR without use of silicone oil and that the reattachment rate was compar-
able with the reattachment rate achieved in studies using silicone oil tamponade (47).

Corticosteroids

Dexamethasone alcohol and triamcinolone acetonide have been studied in PVR animal
models (30–33). These agents are particularly suited for local delivery as they are both
relatively lipophilic, and therefore, may be administered as a suspension. The crystalline
drug then acts as a depot, providing relatively long-term intraocular levels of steroid that
can be given at high doses without apparent retinal toxicity (33). While direct delivery of
corticosteroids has been demonstrated to be both safe and effective in the treatment of
PVR, few studies have been performed in humans (31,32).

Jonas et al. (48) examined postoperative inflammation in 16 patients in the first
two weeks following vitrectomy to repair rhegmatogenous retinal detachments com-
plicated by PVR. All 16 patients received silicone oil tamponade followed by direct
injection of 10–20mg crystalline triamcinolone acetonide into the silicone oil bubble
through closed sclerotomies. At the end of the two-month follow-up period, three of
the 16 patients had retinal redetachment. The study did not look at visual outcomes
or at anatomic success rates beyond the first two months. The authors believe that
those patients receiving intravitreal triamcinolone acetonide had less intraocular
inflammation as estimated by slit-lamp biomicroscopy, and clearer fundus appear-
ance in the first two weeks after surgery compared with a similar group of historical
controls (48). However, it is difficult to make definitive conclusions regarding corti-
costeroid efficacy because of the small patient number, the lack of controls, and the
short follow-up duration. To date, no human trial has established the efficacy of
intravitreal triamcinolone injection to treat PVR.

Infusate

Drugs have been placed in the intraocular infusate during vitrectomy surgery to
repair rhegmatogenous retinal detachment with PVR. This method can produce
local delivery of a relatively high drug dose, avoid systemic complications, and
minimize additional surgical risk.
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Daunomycin

Daunorubicin hydrochloride (daunomycin hydrochloride) is an anthracycline anti-
biotic that inhibits cellular proliferation by a variety of mechanisms, including
DNA binding, free radical formation, membrane binding, and metal-ion chelation
(49). A number of studies examining efficacy and toxicity in an animal model of
PVR have been performed (50–56). Prior to 1998, experience with daunorubicin in
human trials was more limited (57–59).

The efficacy and safety of daunorubicin in the infusion fluid was examined in
a multicenter, prospective, randomized, controlled human clinical trial of 286 eyes
undergoing vitrectomy for stage C2 (Retina Society Classification, 1983) or more
advanced PVR. An encircling scleral buckle was placed, followed by a three-port
pars plana vitrectomy. Preretinal and subretinal membranes were removed, and a
relaxing retinotomy was performed if necessary. Eyes were then randomized to drug
treatment or control. Drug-treated eyes received a continuous 10-minute infusion
with daunorubicin (7.5 mg/mL in balanced saline solution). After the 10-minute infu-
sion period, the surgery was completed using air or perfluorocarbon reattachment of
the retina, photocoagulation and silicone oil exchange. In the control group, surgery
was completed similarly, but without a 10-minute waiting period.

Six months after surgery, there was no statistically significant difference between
the rate of complete retinal reattachment in the daunorubicin group (62.7%) and the con-
trol group (54.1%). There was also no significant difference in best-corrected visual
acuity between the two groups. The overall one-year reattachment rate was the same
for the two groups (80.2% vs. 81.8%). However, in the control group, 65 of 135 patients
(48%) had at least one vitreoretinal reoperation, while in the daunorubicin group, only
50 of 142 patients (35%) required at least one reoperation. The difference was statistically
significant. The authors point toward the significant reduction in the number of opera-
tions as evidence that PVR is amenable to pharmacologic treatment, but do not advo-
cate the use of daunorubicin in similar PVR cases based on the results of this study (60).

Heparin and 5-Fluorouracil

Low-molecular-weight heparin (LMWH) has been shown to reduce fibrin formation
after vitrectomy (61–63). Fibrin has the potential to serve as a scaffold for attach-
ment and proliferation of RPE with subsequent membrane formation (64). Treat-
ment with heparin can prevent fibrin formation but has the potential to increase
intraoperative bleeding (62,65). Because LMWH has been shown to produce less
hemorrhage for an equivalent antithrombotic effect, a number of investigators have
chosen to use it instead of heparin in the infusion (66).

As mentioned previously, 5-FU injections have been shown to improve reattach-
ment rates after surgery for PVR (47). The combination of heparin and 5-FU has the
potential to decrease fibrin formation and proliferation. In a large randomized,
placebo-controlled trial, Asaria et al. (29) examined the efficacy of 5-FU and LMWH
in the infusate to prevent the postoperative development of PVR in patients at high
risk. Asaria et al. used a statistical model to predict which eyes were at highest risk
for development of PVR after primary vitrectomy repair of rhegmatogenous retinal
detachment to identify those patients most likely to benefit from PVR prevention
treatment. This model has been used to select patients at highest risk for PVR in order
to study the efficacy of interventions aimed at PVR prevention. The treatment group
received 5-FU in the infusion bag at a concentration of 200mg/mL and LMWH at
a concentration of 5 IU/mL. After a follow-up period of six months, the rate of
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postoperative PVR in the placebo group was 26.4% (23/87) and the rate of PVR in the
treatment group was 12.6% (11/87). While the reattachment rates with a single opera-
tion were not statistically significant between the two groups, the final visual acuity
was significantly better in the treatment group than in the control group. The differ-
ence in outcome between the two groups led the authors to advocate the use of this
drug combination in the infusate in all patients at increased risk for developing post-
operative PVR (67).

While the 5-FU, LMWH combination was effective in preventing PVR in high-
risk patients, the use of 5-FU and LMWH in the infusate has not been proven to
improve postoperative results in patients with established PVR (David Charteris
unpublished results).

Dexamethasone and Heparin

The combination of heparin and dexamethasone in the infusate as treatment has
been studied in a group of patients with established severe PVR undergoing vitrect-
omy. In a randomized trial of 59 eyes, 34 eyes received placebo and 25 received
heparin (1U/mL) and dexamethasone (4 mg/mL). After follow-up of at least six
months, visual acuities in the two groups were comparable. Recurrent detachment
requiring additional surgery developed in 26.5% of the control eyes and 16% of
the treated eyes. The differences between the two groups were not statistically signi-
ficant as the study was underpowered, but a trend to improved reattachment rates
with treatment was suggested (68).

SUSTAINED DELIVERY AND CO-DRUGS

While for some intraocular disorders, such as uveitis or CMV retinitis, long-term
(months to years) delivery may be necessary, for PVR, therapeutic intraocular drug
levels that are present for weeks may be all that is needed. Nonetheless, a number of
drugs with proven antiproliferative effect are limited in their usefulness because their
short half-life makes repeat postoperative injections necessary. 5-FU is an example
of a drug that has limited clinical effectiveness because of its pharmacodynamics.
In aphakic, vitrectomized rabbit eyes, therapeutic levels are only maintained for
12–24 hours (69). Extrapolating to human eyes postvitrectomy, intraocular therapeu-
tic levels are unlikely to be maintained through the period when proliferation is most
likely to occur. Repeated injections are inconvenient to the patient and may increase
the risk of endophthalmitis and retinal detachment. 5-FU delivered to the vitreous
cavity in a lactide and glycolide copolymer, however, has the potential for achieving
sustained intravitreal concentrations of drug. In an animal model of PVR, this deliv-
ery method of 1mg of 5-FU allowed levels of drug between 1 and 13mg/L to be
maintained for at least 14 days. Animals receiving the 5-FU implant also had a lower
rate of retinal detachment (70).

While corticosteroids, proven to reduce the incidence of retinal detachment in a
rabbit PVR model, have some limited antiproliferative properties, they may play a
more important role in stabilizing the blood–retinal barrier and preventing the access
of inflammatory mediators (30,71,72). A combination of corticosteroid and 5-FU
has the potential advantage of addressing both the inflammation and the prolifera-
tion associated with PVR formation.

Formation of conjugated triamcinolone–5-FU in suspension allows sustained
release of both drugs. The efficacy and safety of this combination has been tested
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in a rabbit PVR model. The two drugs, covalently linked through the carbonate
bond makes the drugs relatively insoluble and allows release over a longer period.
Delivery of co-drugs, dexamethasone–5-FU as an implantable, sustained-release
pellet, and triamcinolone–5-FU as injectable intravitreal sustained-release suspension,
each have been effective in inhibiting the progression of PVR in an animal model (73).
To date, human studies with this agent have not been conducted.

The challenges in treating PVR lie not only in identifying drugs that are safe
and effective but in developing delivery methods that allow for sustained therapeutic
levels over several months. The development of effective strategies for preventing
PVR is also dependent on identifying and treating those patients who are at the
highest risk of development of PVR.
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INTRODUCTION

Diabetes mellitus is a group of metabolic diseases characterized by an increased
blood glucose level secondary to defects in insulin secretion and/or action. Accord-
ing to the American Diabetes Association, as of 2002, the United States diabetes
prevalence is 18.2 million people (6.3% of the population). Diabetics suffer from
acute complications of the disease such as diabetic ketoacidosis and hyperosmolar
nonketotic syndrome as well as chronic complications ranging from microvascular
disease (nephropathy, neuropathy, retinopathy) to macrovascular disease (1).

Diabetic retinopathy is the leading cause of blindness in people aged
20–74 years in the United States and causes from 12,000 to 24,000 new cases of
blindness each year. Manifestations of diabetic retinopathy include retinal microa-
neurysms, hemorrhages, hard exudates, cotton-wool spots, microvascular abnormal-
ities, growth of abnormal blood vessels and fibrous tissue, and macular edema (2). It
was estimated that of the 7.8 million patients affected with diabetes in 1993, 95,000
are expected to develop macular edema each year (3).

Diabetic macular edema (DME) is an important cause of vision loss and is
estimated to occur in 29% of patients who have had diabetes for 20 years or more
(4–9). Moreover, when thickening involves or threatens the foveal center, the 3-year
risk of moderate vision loss (decrease of three lines or more) is 32%. If treated, this risk
decreases by 50% (10). Diabetic macular edema is a result of blood–retinal barrier
(BRB) breakdown. Endothelial cell tight junction incompetence results in increased
vascular permeability causing intraretinal and subretinal fluid accumulation. Retinal
microvascular basement membrane thickening and a reduced number of pericytes
(smooth muscle cells that help provide vascular stability) further contribute to
increased retinal vessel permeability (11). Microaneurysms also play a role in DME
by acting as sites of fluid transudation. Microaneurysms are thought to be caused
by loss of pericytes and astrocytes, increased capillary pressure, and production of
vasoproliferative factors such as vascular endothelial growth factor (VEGF).
Increased oxidative stress, accumulation of advanced glycation end-products, and
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generation of diacylglycerol (DAG) caused by hyperglycemia, activate protein
kinase C (PKC), which in turn increases VEGF expression (12,13). There are currently
no data to suggest that one racial group or gender develops DME more than
others (11).

Diabetic macular edema is defined as retinal thickening within two disc dia-
meters of the center of the macula. Focal edema is associated with hard exudate rings
resulting from leakage from microaneurysms, while diffuse edema is the result of
breakdown of the BRB with leakage from microaneurysms, retinal capillaries, and
arterioles. Clinically significant macular edema (CSME) is defined by the Early
Treatment Diabetic Retinopathy Study (ETDRS) in any of the following cases (14):

� retinal thickening within 500 mm of the center of the fovea,
� hard, yellow exudates within 500 mm of the center of the fovea with adja-

cent retinal thickening,
� at least one disc area of retinal thickening, any part of which is within one

disc diameter of the center of the fovea.

TREATMENT

Clinical studies, such as the ETDRS, support the use of laser photocoagulation as
standard therapy for DME (8,15). In patients with CSME, focal laser photocoagula-
tion was found to significantly reduce the risk for moderate visual loss and signifi-
cantly increase the chance for improved visual acuity (VA) when pretreatment VA
was worse than 20/40. However, improvement in VA of three lines at 36 months
post-treatment was only 3% (8). Laser photocoagulation was less effective in patients
with advanced cases of retinopathy or diffuse macular edema, and was not found to
be beneficial in patients with non-CSME (8). Furthermore, laser photocoagulation
may be complicated by subretinal fibrosis, choroidal neovascularization, and pro-
gressive scar expansion. Therefore, although laser photocoagulation is a beneficial
treatment for DME, it has significant limitations. Thus, more effective treatments
are still required.

Currently, there are three main pharmacologic approaches to the treatment of
DME in practice or under study: steroids (the intravitreal injection of triamcinolone
acetonide, fluocinolone acetonide sustained drug delivery implant, dexamethasone
biodegradable implant), PKC inhibitors, and VEGF inhibitors.

CORTICOSTEROIDS

Corticosteroids have antiangiogenic, antifibrotic, and antipermeability properties
that help to stabilize the BRB, aid in exudation resorption, and downregulate inflam-
matory mediators [including interleukin (IL)-5, IL-6, IL-8, prostaglandins, inter-
feron-gamma (IF-g), tumor necrosis factor-alpha]. Corticosteroids stabilize cell
and lysosomal membranes, reduce prostaglandin release, inhibit cellular prolifera-
tion, block macrophage recruitment, inhibit phagocytosis, and decrease neutrophil
infiltration into injured tissue (16). It is thought that ischemia associated with dia-
betic retinopathy elevates levels of VEGF, a potent vasopermeability factor, that
compromises vascular endothelial cell intercellular tight junctions and thereby
produces macular edema in eyes with diabetic retinopathy (17–21). In animal studies,
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corticosteroids can reduce levels of growth factors, including VEGF (17,22,23).
Collectively, these corticosteroid actions promote resolution of macular edema.

Corticosteroids have been used to treat a variety of ocular diseases. Tradition-
ally, delivery of corticosteroids for posterior-segment eye diseases has been achieved
through oral systemic therapy and periocular injections. Oral corticosteroids have
not been widely used to treat DME, but when used for posterior inflammatory
uveitis, they require high concentrations to reach therapeutic levels in the posterior
segment. These high doses often result in systemic side effects (24). Periocular corti-
costeroid administration often must be repeated and may be associated with compli-
cations such as ptosis and inadvertent needle penetration of the globe.

INTRAVITREAL TRIAMCINOLONE ACETONIDE (KENALOG) INJECTION

Topical corticosteroids do not readily penetrate the posterior segment, and posterior
sub-Tenon’s steroid injections take a long time to diffuse into the posterior seg-
ment. Direct placement of corticosteroids into the vitreous cavity may be the best
way to deliver corticosteroids to the posterior segment and minimize systemic side
effects (16).

Triamcinolone acetonide inhibits basic fibroblast growth factor-induced migra-
tion and tube formation in choroidal microvascular endothelial cells. Furthermore, it
downregulates metalloproteinase 2, decreases permeability, decreases intercellular
adhesion molecule-1 expression, and decreases major histocompatibility complex
(MHC)-II antigen expression, all of which are important factors in the inflammatory
process (16). Penfold et al. (25,26) showeddownregulation of inflammatorymodulators
and endothelial cell permeability by significantly decreasing MHC-II expression. This
group demonstrated that triamcinolone acetonide re-establishes the BRB and downre-
gulates inflammatory mediators. Together, these studies indicate that triamcinolone
acetonide favorably influences cellular permeability, including the barrier function of
the RPE (16).

Several studies have investigated the efficacy of intravitreal triamcinolone for
DME. In a retrospective review study, Martidis et al. (27) injected 4 mg of intravi-
treal triamcinolone into 16 eyes of patients with CSME who had failed to respond to
at least two previous laser photocoagulation treatments. At one- three- and six-
month follow-up visits the average VA improved 2.4, 2.4, and 1.3 Snellen lines. Con-
currently, central macular thickness [measured by optical coherence tomography
(OCT)] decreased by 55%, 57.5%, and 38%, respectively (16). Subsequently,
Micelli-Ferrari et al. (28) further confirmed with OCT the effectiveness of intravitreal
triamcinolone on macular thickness. In another case series study, 26 eyes given 25mg
of triamcinolone were compared with a control group that underwent only macular
grid laser coagulation. The study group was found to have significant improvement
in VA from an average of 20/166 to 20/105 (P< 0.001) (16,29). In contrast, VA in
the control group did not significantly change. In another prospective pilot study
termed the ISIS trial, 30 patients received either 2 or 4mg of intravitreal triamcino-
lone for CSME. Thirty-three percent of the patients had increase in VA of greater
than or equal to three ETDRS lines at three months follow-up, and 21% of patients
had similar increases at six month follow-up visits (16,30). The 4mg group had sig-
nificantly greater increased VA and decreased macular edema when compared with
the 2mg group. The study also grouped eyes into cystoid and noncystoid foveal
edema based on fluorescein angiogram; the group with cystoid foveal edema had a
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significantly greater VA improvement postintravitreal triamcinolone compared with
the group without cystoid foveal edema. In another study, Massin et al. (31) selected
12 patients with bilateral DME and randomly assigned one of the eyes to receive
4 mg of intravitreal triamcinolone while the other eye was simply monitored (con-
trol). The study eyes had significantly improved retinal thickness while the control
eyes did not change significantly at 12weeks (P< 0.001).

The appropriate intravitreal triamcinolone dose has not yet been established.
The ISIS study compares 2mg versus 4mg of triamcinolone in patients with macular
edema. Preliminary data indicates that the 4mg dose is more effective at treating
macular edema (30). Two studies by Jonas et al. (32,33) in Europe, demonstrated
measurable vitreous triamcinolone for seven to eight months and 1.5 years, respec-
tively, after an injection of 20–25mg of the drug. Prospective trials that compare
the 20–25mg dose to lower doses will be necessary to clarify the optimal dosing
regimen.

Intravitreal injections to deliver corticosteroids minimize systemic side effects;
however, they may be associated with complications such as retinal detachment,
retinal tears, vitreous hemorrhage, endophthalmitis, increased intraocular pressure
(IOP), cataract formation, and, with repeated use (required for successful treatment),
fibrosis and ptosis. The most common side effect is increased IOP, which has been
found on rare occasion to increase drastically (up to 50mmHg in one case report
by Detry-Morel et al.) (16,34,35). Close IOP monitoring is crucial following intra-
vitreal injection.

INTRAVITREAL FLUOCINOLONE ACETONIDE IMPLANT (RETISERT)

Several drug delivery systems for the sustained release of medication within the
posterior segment are either under investigation or already in clinical use (36–38).
These systems offer a promising approach to the treatment of ocular diseases in cases
where systemic drug administration may be associated with unacceptable toxicity
and where repeated periocular and/or intravitreal injection carries unacceptable risk
(36,37,39). A nonbiodegradable intravitreal implant (Vitrasert) was approved in
1996 to deliver ganciclovir to the posterior segment to treat cytomegalovirus infec-
tion (38). Jaffe et al. (40) have reported their experience with an implant based on
similar technology that delivers fluocinolone acetonide (Retisert) in a sustained
and linear fashion (41) to treat posterior uveitis. In seven eyes, five patients with
severe uveitis, the device stabilized or improved VA, and virtually eliminated clini-
cally detectable inflammation (24).

Recent results have been released of a Phase III study of the fluocinolone
acetonide implant to treat DME (42). This study, CDS FL-002, was a multicenter,
randomized, masked, controlled trial involving 80 patients with DME. At 24 months,
there was statistically significant data showing that 0.5mg fluocinolone had better
results on DME than the standard of care (SOC) control group who received either
macular grid laser or observation. The study demonstrated that retinal edema at the
center of the macula had resolved completely in 53.7% of eyes in the fluocinolone
group compared with 28.6% of eyes in the SOC group. There was a greater than
two grade improvement in retinal thickness at the center of the macula in 46.2%
of the study group compared with only 14.8% in the SOC group. The diabetic retino-
pathy severity score remained stable or improved in 87.2% of the study group versus
62.9% in the SOC group. Furthermore, the mean change in VA at 24 months showed
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a gain of 9.3� 14.4 letters in the study group while there was actually a loss of
1.9� 15.2 letters in the SOC group. This study showed a statistically significant
benefit in the primary end point of resolution of retinal thickening at the center of
the macula as well as improvement in VA and DR score (41).

As in the uveitis trials, adverse events with the fluocinolone acetonide implant
included cataract progression and increased IOP. Seventy-seven point four percent
of patients in the implant study group had ‘‘serious’’ cataract progression and
74.2% required cataract extraction compared with only 13.3% and 13.3%, respectively,
in the SOC group; 31.7% patients in the study group had increased IOP compared with
0% in the SOC group. Increased IOP was controlled mainly with hypotensive drops;
however, eight patients (study group) required trabeculectomy. These side effects were
expected with the established relationship between steroids and cataract progression.
No retinal detachments were reported (41). A larger Phase III study (CDS FL-005)
consisting of approximately 200 patients is currently underway.

DEXAMETHASONE IMPLANT (POSURDEX�)

A biodegradable implant with a sustained-release formulation of dexamethasone
was first investigated for use after cataract surgery to treat postsurgical inflamma-
tion. The device, called Surodex1 (Oculex Pharmaceuticals) was placed directly into
the anterior chamber during the cataract surgery. This delivery system released dex-
amethasone at constant, therapeutic levels (43). In studies by Tan et al. (44) and
Wadood et al. (45) the Surodex device controlled intraocular inflammation as well
as dexamethasone 0.1% eye drops (Maxidex1), following cataract surgery. In a later
study, the dexamethasone delivery system shows a decrease in protein concentration,
cell infiltrate, myeloperoxidase activity, IF-g levels, and IL-4 levels in treated eyes
compared with contralateral controls, in an animal uveitis model (46).

A Phase II randomized, multicenter, controlled trial sponsored by Oculex
Pharmaceuticals, tested the Posurdex system, a biodegradable implant for extended-
release dexamethasone to the posterior segment to treat macular edema that per-
sisted longer than 90 days despite medical therapy or laser photocoagulation. A total
of 165 of the 306 patients enrolled in the trial had DME. Patients received an implant
that contained either 350 or 700mg of dexamethasone. A third group was simply
observed (control). After 180 days, there was a statistically significant two- and
three-line improvement in VA with the 700 mg implants with a trend toward
improved VA in the 350 mg implant group. There was also a statistically significant
decrease in retinal thickness (measured by OCT) and fluorescein leakage in eyes
treated with both the 350 and the 700 mg implants when compared with the control.
Further, after 90 days, contrast sensitivity was significantly improved in patients who
received the 700 mg implant compared with the control group.

Side effects were primarily related to device implantation into the vitreous base
region through a small pars plana sclerostomy and included subconjunctival hemor-
rhage and vitreous hemorrhage. Both complications were self-limited. There was
no report of cataract progression in patients receiving the dexamethasone implant.
However, 17% of the patients receiving the implant had a rise in IOP �10mmHg
at some point during the study compared with only 3% in the control group (47).
The Posurdex device degrades in approximately six to eight weeks as it breaks
down to lactic acid and glycolic acid and then further into water and carbon dioxide.
It is likely that multiple implants would be required to achieve sustained therapy,
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increasing chances of adverse events during implantation. A Phase III study is
currently underway to evaluate the Posurdex device to treat diabetic macular edema.
In this trial, a single-use 22-gauge applicator preloaded with the implant is used to
insert the implant through the pars plana. This applicator may help reduce the
adverse events associated with a conjunctival and scleral incision.

PROTEIN KINASE C INHIBITION

Kinases transfer adenosine triphosphate (ATP) groups to sites on target proteins
(enzymes, cell membrane receptors, ion transport channels), thereby causing the acti-
vation of the protein. The PKC family is a group of enzymes that are activated by
molecules such as DAG and glycation end-products; intracellular concentrations
of these molecules are significantly increased in patients with diabetes. Increased
DAG augments PKC affinity for calcium, causing its translocation to the cell mem-
brane and thus activating it. Excessive PKC activation causes increased vascular
permeability, basement membrane thickening, reduced Na/K ATPase activity,
enhanced monocyte adhesion to the vessel wall, and impaired smooth muscle
contractility (13,48). PKC inhibition enhances apoptotis and inhibits pericyte prolif-
eration. These activities suggest that PKC inhibition may accelerate pericyte dropout
during stages when these cells are still present in the retinal capillaries.

Protein kinase C enzymes are found throughout the body; therefore, wide-
spread inhibition would likely be toxic (49). PKC-b2, an isoenzyme of PKC, mediates
the angiogenic and permeability effects of VEGF. PKC-b is present at high levels in
the retina. Activation of this enzyme leads to increased VEGF expression (48,50). As
described above, increased levels of VEGF are associated with ischemia and, by
virtue of its permeability effect, is thought to produce accumulation of fluid within
the retina that causes retinal thickening.

Several approaches to block PKC-b, and inhibit VEGF are currently under-
going testing. Multiple members of the VEGF family can be inactivated when VEGF
1 and 2 receptors and PKC are blocked. PKC412, a nonspecific kinase inhibitor,
blocks VEGF 1 and 2 receptors, PDGF receptors, stem cell factor receptors, and
several isoforms of PKC. PKC412 significantly suppresses VEGF-induced retinal
neovascularization and VEGF-induced retinal vascular leakage (23). The effects of
PKC412 on DME was studied in a recent randomized, multicenter, double-masked
controlled trial; PKC412 (50, 100, or 150mg/day) was given orally to half of the 141
enrolled patients. The other half (controls) received placebo. At three months, there
was a statistically significant decrease in greatest retinal thickening area and volume
and statistically significantly increased VA in patients treated with PKC412 when
compared with the placebo group. It was concluded that at doses of 100mg/day
or higher, orally administered PKC412 significantly reduced macular edema
(confirmed by OCT) and improved VA in diabetic subjects. There was concern,
however, regarding liver toxicity with systemic therapy making local delivery of
PKC inhibitors a more appealing approach (51).

Inhibitors specific for PKC-b have a more favorable toxicity profile. In fact, in
a study by Aiello et al. (52), the effect of VEGF on retinal vascular permeability
appeared to be mediated predominantly by the b-isoform of PKC. There was
>95% inhibition of VEGF-induced permeability after administration of a PKC
b-isoform-selective inhibitor (50). Studies are currently being conducted with a
new PKC-b inhibitor, known as ruboxistaurin mesylate. Thus far, based on animal
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studies, ruboxistaurin has shown to inhibit PKC-b formation and thereby normali-
zing retinal vascular function (52).

The efficacy of ruboxistaurin mesylate (LY333531) to delay or stop DME pro-
gression has been evaluated in a recent trial. This trial, the PKC-DMES trial was a
multicenter, double-masked, placebo-controlled trial that included 686 patients. In
this study, when patients with very poor glycemic control (HbA1c> 10%) were
excluded from the data, ruboxistaurin (32mg dose) was associated with a reduction
in DME progression (52).

VEGF INHIBITION

As described above, VEGF enhances vascular permeability and thereby promotes
macular edema. Several studies have looked or are currently looking for ways to
inhibit VEGF.

Pegaptanib sodium (Macugen1) is a synthetic oligonucleotide bound to poly-
ethylene glycol to slow down its clearance rate, thus increasing its half-life. Intravi-
treal pegaptanib injections are required every six weeks to maintain adequate drug
levels in the posterior pole. Pegaptanib selectively binds to VEGF165, a VEGF iso-
form. A Phase II randomized, placebo-controlled, double-masked, dose-finding,
multicenter trial using pegaptanib in eyes with DME was performed on 169 patients.
The preliminary results showed statistically significantly increased VA at 36weeks,
and a trend toward decreased retinal thickness, measured by OCT in patients receiv-
ing 0.3mg pegaptanib compared with the control group. The odds of decreased ret-
inal thickness of 75 mm or more at the macular center was four times larger for the
group receiving 0.3mg pegaptanib when weighed against the control group. Pegap-
tanib seems to be well tolerated and adverse events that included endophthalmitis,
retinal detachment, and vitreous hemorrhage are mainly due to the need for repeated
injections (53).

NEW AGENTS ON THE HORIZON

A variety of agents have been investigated recently. Anti-angiogenic agents also inhi-
bit vascular permeability and, thus, may be useful drugs to treat DME. Plasminogen
kringle 5 (K5), an angiogenic inhibitor, blocks retinal neovascularization in oxygen-
induced retinopathy models. Zhang et al. (54) studied the effect of K5 on vascular
leakage in the retina. K5 reduced vascular permeability by downregulating VEGF
expression and inhibited insulin-like growth factor-1-induced hyperpermeability
which is linked to the VEGF expression. Nambu et al. (55) studied the effects of
Angiopoietin 1 on ocular neovascularization. Angiopoietin 1 not only significantly
suppressed retinal and choroidal neovascularization in eyes with retinal ischemia
or rupture of Bruch’s membrane, respectively, but also significantly reduced
VEGF-induced retinal vascular permeability. Angiostatin is another angiogenic
inhibitor. Sima et al. (56) confirmed that intravitreal injection of angiostatin reduced
retinal vascular permeability in DME models (56). Angiostatin was shown to down-
regulate VEGF in the retina. Saishin et al. (57) described VEGF-TRAP(R1R2), a
VEGF inhibitor, as a fusion protein that combines ligand binding elements taken
from the extracellular domains of VEGF receptors 1 and 2 fused to the Fc portion
of IgG1. They reported strong suppression of choroidal neovascularization after
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VEGF-TRAP(R1R2) intravitreal injection. VEGF-TRAP(R1R2) was shown to
significantly reduce the breakdown of the BRB. The authors suggested that
VEGF-TRAP(R1R2) warrants consideration as a new method to treat choroidal
neovascularization and DME. Future studies will clarify the usefulness of these var-
ious agents to treat DME.
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Retinal Vein Occlusion
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LOCAL DRUG DELIVERY APPROACH: RETINAL VEIN OCCLUSION

Central retinal vein occlusion (CRVO) and branch retinal vein occlusion (BRVO) are
common retinal vascular disorders. Indeed, BRVO is second only to diabetic retino-
pathy in the frequency with which it produces retinal vascular disease (1). Both CRVO
and BRVO have a characteristic, although sometimes variable, appearance with
intraretinal hemorrhage, tortuous and dilated retinal veins, and occasionally optic
disk edema. These findings are present in all quadrants of the fundus in CRVO and
are segmental in BRVO (Figs. 1 and 2). Visual acuity loss in CRVO and BRVO are
often the result of macular edema and neovascular complications (1–5). The majority
of current local drug delivery approaches for retinal vein occlusion target macular
edema because visual acuity loss in retinal vein occlusion is more often a result of
macular edema than from neovascular complications.

Human Clinical Trials in CRVO: Prior Studies

The Central Vein Occlusion Study (CVOS) was conducted, in part, to evaluate the
effect of grid laser photocoagulation on visual acuity and macular edema in CRVO
(2). In the CVOS, 728 eyes with CRVO were studied. Of these 728 eyes, 155 (21%)
had macular edema reducing visual acuity to 20/50 or worse (group M eyes, macular
edema). In the largest group of eyes (group P, perfused) that included 547 eyes, 84%
(460 eyes) had angiographic evidence ofmacular edema involving the fovea at baseline.

The CVOS found no significant difference in visual outcome between the treat-
ment and observation groups at any follow-up point. Although there was a definite
decrease in macular edema on fluorescein angiography in the treatment group when
compared to the control group, this did not translate to a direct improvement in
visual acuity (4). Therefore, at present, there is no proven therapy for visual acuity
loss from macular edema due to CRVO.

The natural history of macular edema due to CRVO was also delineated in the
CVOS (2–4). One hundred and fifty-five group M eyes (77 treated eyes and 78
control eyes) were followed over a three-year period. All eyes had macular edema
for a minimum of three months prior to enrollment (4). For untreated eyes with
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an initial visual acuity between 20/50 and 5/200 at presentation (n ¼ 78 eyes), 42 eyes
were available for follow-up at the three-year visit. Of these eyes, 10 (24%) gained
two or more lines of visual acuity at the three-year follow-up. Twenty eyes (48%)
remained within two lines of baseline visual acuity and 12 eyes (29%) lost two or

Figure 2 CRVO is characterized by retinal hemorrhages in all four quadrants, venular
dilation, and frequent optic nerve edema. Nerve fiber layer infarcts and macular edema
may be associated features with both types of retinal vascular occlusion. Abbreviation: CRVO,
central retinal vein occlusion.

Figure 1 BRVO is characterized by intraretinal hemorrhages and a dilated retinal venule in
one quadrant of the retina. This example demonstrates secondary macular edema with retinal
exudates. Abbreviation: BRVO, branch retinal vein occlusion.
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more lines of visual acuity at the three-year follow-up. At the three-year follow up,
six eyes (14%) gained three or more lines of visual acuity. Thirty eyes (72%) remained
within three lines of baseline visual acuity and six eyes (14%) lost three or more lines
of visual acuity at the three-year follow-up. The final median visual acuity in
untreated eyes was 20/160.

The CVOS demonstrated that the natural history of untreated macular edema
is poor in many patients. Additionally, the CVOS showed that grid laser photocoa-
gulation for macular edema does not improve visual acuity compared with the
natural history of this disease. Therefore, it is important to explore other avenues
for managing this common cause of vision loss.

Human Clinical Trials in BRVO: Prior Studies

The Branch Vein Occlusion Study (BVOS) was conducted, in part, to evaluate grid
laser photocoagulation as a treatment for macular edema due to BRVO (Fig. 3) (1).

Figure 3 In the BVOS, grid laser was applied to the area of retinal leakage and ischemia.
Successful treatment could lead to resolution of macular edema and improvement in visual
acuity. (A) Baseline photo and (B) corresponding fluorescein angiogram. (C) Follow-up fluor-
escein angiogram with resolution of leakage; laser spots stain. Abbreviation: BVOS, Branch
Vein Occlusion Study.
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Specifically, the group III arm of the BVOS was designed to evaluate grid photocoa-
gulation treatment of macular edema due to BRVO that had persisted for at least
three months (and less than 18 months) in eyes with visual acuity of 20/40 or worse.
One hundred and thirty-nine eyes (71 treated eyes and 68 control eyes) were studied.
This arm of the study did demonstrate a benefit for eyes treated with macular grid
photocoagulation (1). Of 43 treated eyes available for follow-up at the three-year
visit, 28 eyes (65%) had gained two or more lines of visual acuity from baseline
and maintained this gain for at least eight months, as compared with the same gain
in 13 of 35 (37%) untreated eyes. At the three-year visit, nearly twice as large a
proportion of treated versus control eyes had visual acuity of 20/40 or better.

The BVOS also reported on the natural history of macular edema due to
BRVO (1). After three years, of 35 untreated eyes available for follow-up, only 12
eyes (34%) with a presenting visual acuity of 20/40 or worse achieved a visual acuity
of 20/40 or better. Furthermore, eight eyes (23%) had 20/200 or worse visual acuity
at their final three-year follow-up visit.

Although the BVOS did demonstrate a visual acuity benefit for eyes treated
with grid photocoagulation, the BVOS also identified a subset of patients that derive
limited benefit from macular grid photocoagulation. In the BVOS, 40% of treated
eyes (n¼ 43) had worse than 20/40 vision at three years and 12% of treated eyes
had 20/200 or worse visual acuity at three years (1). For this subset of patients cur-
rent treatment options are limited and therefore other treatment options are under
investigation. Table 1 summarizes the three-year natural history data for patients
with macular edema from CRVO and BRVO. These data from the CVOS and BVOS
show that the natural history of such patients does not commonly include improve-
ment in visual acuity. This is important because grid laser photocoagulation was
ineffective in patients with macular edema from CRVO and effective for only some
patients with macular edema from BRVO.

Pathogenesis of Retinal Vein Occlusion

Current treatment approaches to retinal vein occlusion are best explained with an
understanding of the pathogenesis of this condition. Retinal venous occlusive disease
results from the initial insult of thrombus formation at the lamina cribrosa or an
arteriovenous crossing. Green et al. (6) in a histopathologic study of 29 eyes with
CRVO, documented a fresh or recanalized thrombus of the central retinal vein in
the area of the lamina cribrosa as a constant pathologic finding. Frangieh et al. (7)
in a histopathologic study of nine eyes with BRVO, documented a fresh or

Table 1 Natural History of Macular Edema Due to Retinal Vein Occlusion in Randomized
Trials

Study

Vision improved
by 2 or

more lines

Vision
unchanged
(�2 lines)

Vision worse
by 2 or more

lines

Number of
eyes at end
of study
period

Follow-up
period
(yr)% No. % No. % No.

CVOS 19 10 59 31 22 12 53 2
BVOS 37 13 46 16 17 6 35 3

Abbreviations: CVOS, Central Vein Occlusion Study; BVOS, Branch Vein Occlusion Study.
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recanalized thrombus at the site of vein occlusion in all eyes studied. Experimental
work in animals has demonstrated that following venous occlusion, a hypoxic envir-
onment in the retina is produced (8). This is then followed by functional, and later
structural changes, in the retinal capillaries that result in an immediate increase in
retinal capillary permeability and accompanying retinal edema.

The increase in retinal capillary permeability and subsequent retinal edema
may be the result of a breakdown of the blood–retina barrier mediated in part
by vascular endothelial growth factor (VEGF), a 45 kDa glycoprotein (9). Aiello
et al. (9) demonstrated in an in vivo model that VEGF can increase vascular
permeability. Fifteen eyes of 15 albino Sprague–Dawley rats received an intravi-
treal injection of VEGF. The effect of intravitreal administration of VEGF on
retinal vascular permeability was assessed by vitreous fluorophotometry. In all
15 eyes receiving an intravitreal injection of VEGF, a statistically significant
increase in vitreous fluorescein leakage was recorded. In contrast, control eyes,
which were fellow eyes injected with vehicle alone, did not demonstrate a statis-
tically significant increase in vitreous fluorescein leakage. Vitreous fluorescein
leakage in eyes injected with VEGF attained a maximum of 227% of control
levels. Antonetti et al. (10) demonstrated that VEGF may regulate vessel perme-
ability by increasing phosphorylation of tight junction proteins such as occludin
and zonula occludens 1. Sprague–Dawley rats were given intravitreal injections
of VEGF and changes in tight junction proteins were observed through Western
blot analysis. Treatment with alkaline phosphotase revealed that these changes
were caused by a change in phosphorylation of tight junction proteins. This
model provides, at the molecular level, a potential mechanism for VEGF-
mediated vascular permeability in the eye. Similarly, in human nonocular disease
states such as ascites, VEGF has been characterized as a potent vascular
permeability factor (VPF) (11).

The normal human retina contains little or no VEGF; however, hypoxia causes
upregulation of VEGF production (12). Disease states characterized by hypoxia-
induced VEGF upregulation include CRVO and BRVO (9,12). Vinores et al. (12)
using immunohistochemical staining for VEGF, demonstrated that increased VEGF
staining was found in retinal neurons and retinal pigment epithelium in human eyes
with venous occlusive disease. Pe’er et al. (13) evaluated 10 human eyes enucleated
for neovascular glaucoma from CRVO and used molecular localization with a
VEGF-specific probe to identify cells producing VEGF messenger RNA (mRNA).
All of these eyes demonstrated upregulated VEGF mRNA expression in the
retina. This hypoxia-induced upregulation of VEGF may be inhibited pharmacolo-
gically. Adamis et al. (14) in a nonhuman primate model, demonstrated that anti-
VEGF antibodies can inhibit VEGF-driven capillary endothelial cell proliferation.
In this study, 16 eyes of nonhuman primates had retinal ischemia induced by laser
retinal vein occlusion. Zero of eight eyes receiving neutralizing anti-VEGF antibo-
dies developed iris neovascularization while five of eight control eyes eventually
developed iris neovascularization.

As the preceding discussion suggests, either attenuation of the effects of VEGF
or lysis/bypass of the thrombus at the site of retinal vein occlusion introduces a
rationale for treatment of retinal venous occlusive disease. Thus, current treatment
approaches employ pharmacologic modulation of VEGF or surgical lysis/bypass
of the site of retinal vein occlusion. Other approaches discussed in this chapter include
rheologic modification of systemic factors thought to be responsible for retinal vein
occlusion.
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Human Clinical Trials in CRVO and BRVO: Current and Future Studies

Preliminary Studies Using Intravitreal Triamcinolone Acetonide Injections

Corticosteroids, a class of substances with anti-inflammatory properties, inhibit the
expression of the VEGF gene (15). In a study by Nauck et al. (16) the platelet-
derived growth factor (PDGF) induced expression of the VEGF gene in cultures
of human aortic vascular smooth muscle cells was abolished by corticosteroids in
a dose-dependent manner. A separate study by Nauck et al. (16) demonstrated that
corticosteroids abolished the induction of VEGF by the proinflammatory mediators
PDGF and platelet-activating factor (PAF) in a time- and dose-dependent manner.
This study was performed using primary cultures of human pulmonary fibroblasts
and pulmonary vascular smooth muscle cells.

Triamcinolone acetonide is a corticosteroid that is commercially available and inex-
pensive. Intravitreal injection of triamcinolone acetonide is nontoxic in animal studies
(17–19).McCuen et al. (17) injected1mgof triamcinolone acetonide into the vitreous cav-
ity of 21 rabbit eyes. Throughout the three-month course of follow-up ophthalmoscopy,
intraocular pressure, electroretinography (scotopic and photopic responses), and light
and electron microscopy all remained normal. Schindler et al. (18) studied the clearance
of intravitreally injected triamcinolone acetonide (0.5mg) in 30 rabbit eyes. In nonvitrec-
tomized eyes, the average clearance rate was 41 days. In eyes having undergone vitrect-
omy or combination vitrectomy and lensectomy, the average clearance rate was 17 and
7days, respectively (18). Itwas found that the ophthalmoscopic disappearanceof injected
triamcinolone acetonide correlated well with a spectrophotometric analysis for clearance
of the drug. Scholes et al. (19) also studied the clearance of intravitreally injected triamci-
nolone acetonide (0.4mg) in 24 rabbit eyes.Using high-performance liquid chromatogra-
phy complete clearance of the drugwas noted by 21 days.Nondetectable drug levels were
present before ophthalmoscopic disappearance.

As discussed previously, corticosteroids downregulate VEGF production in
experimental models and possibly reduce breakdown of the blood–retinal barrier
(15,16). Similarly, corticosteroids have antiangiogenic properties possibly due to
attenuation of the effects of VEGF (20,21). These properties of steroids are commonly
used. Clinically, triamcinolone acetonide is used locally as a periocular injection to
treat cystoid macular edema secondary to uveitis or as a result of intraocular surgery
(22,23). In animal studies, intravitreal triamcinolone acetonide has been used to
prevent proliferative vitreoretinopathy and retinal neovascularization (24–27). Intra-
vitreal triamcinolone acetonide has been used clinically to treat proliferative vitreor-
etinopathy and choroidal neovascularization (28–31).

Recently, intravitreal triamcinolone acetonide has been used clinically to treat
retinal vascular disease (Fig. 4). A case report by Jonas and Sofker (32) described a
patient with nonproliferative diabetic retinopathy and a six-month history of persis-
tent, diffuse macular edema despite grid photocoagulation. Following one intravitreal
injection of triamcinolone acetonide, the visual acuity of this patient improved from
20/200 to 20/50 over a five-month follow-up period. It was also noted that there
was marked regression of macular edema on clinical examination. Martidis et al.
(33,34) reported on the use of intravitreal triamcinolone for refractory diabetic macu-
lar edema. Sixteen eyes with a macular thickness of at least 300mm despite prior
photocoagulation were treated with 4mg injections of triamcinolone. At three-month
follow-up the mean decrease in central retinal thickness was 57.5%, with a visual
acuity increase of 2.4 Snellen lines. Those with six-month follow-up demonstrated
some recurrence of edema and visual acuity improvement was reduced to 1.3 lines.
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Greenberg and Martidis (35) studied both eyes of one patient with bilateral
diffuse macular edema secondary to CRVO. The right eye of this 80-year-old
patient had macular edema from a CRVO of nine-month duration when the
patient presented with a two-week history of visual acuity loss due to macular
edema from a CRVO in the left eye. Because of the poor natural history of
untreated macular edema in the right eye of this patient, the left eye received an
intravitreal injection of triamcinolone acetonide. It did well both anatomically
and functionally, with visual acuity improvement from 20/400 to 20/30 after three
months of follow-up. Central foveal thickness as measured by optical coherence
tomography decreased from 589 to 160 mm with restoration of a normal foveal
contour following treatment. Six months following injection, visual acuity
decreased to 20/400 because of recurrence of retinal thickening that measured
834 mm by optical coherence tomography. A second injection was performed
and one month later visual acuity returned to 20/50 with a decrease in central
foveal thickness to 158 mm and a normal foveal contour. This patient has main-
tained this level of visual acuity for over six months following the second injection.
Given the response to treatment in the left eye, the right eye (now with 16 months
of untreated macular edema) was treated with an intravitreal injection of triamci-
nolone acetonide. There was a prompt reduction in central foveal thickness as
measured by optical coherence tomography from 735 to 195 mm. However, possi-
bly as a result of the duration of macular edema, no visual benefit was noted. No
significant elevation of intraocular pressure was noted in either eye. Other clinical
case reports by Ip et al. (36) and Jonas et al. (37) have demonstrated similar results
in the treatment of macular edema due to CRVO with intravitreal injections of
triamcinolone acetonide (Fig. 5). Although macular edema can improve markedly
with intravitreal triamcinolone administration in both nonischemic and ischemic
CRVO, individuals with nonischemic CRVO are more likely to acheive visual
acuity improvement as a result.

Figure 4 Intravitreal kenalog is suspended in the vitreous following injection.
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Park et al. (38) reported the first case series of triamcinolone acetonide to
treat macular edema in eyes with perfused CRVO and visual acuity of 20/50 or
worse. Following a single 4mg intravitreal triamcinolone injection, the mean
visual acuity improved from 58 ETDRS letters to 78 letters at last follow-up.
Before treatment, all ten treated eyes had both angiographic and optical coherence
tomographic evidence of macular edema. Following treatment, macular edema, as
demonstrated by optical coherence tomography, improved in all eyes. The mean
macular volume decreased from 4.2 to 2.6mm3 at last follow-up. One eye required
reinjection five months following initial therapy because of cystoid macular edema
recurrence. Four of ten eyes required either initiation or escalation of glaucoma
therapy secondary to increased intraocular pressure during the follow-up period.
There were no other significant complications. The rate of secondary cataract for-
mation, glaucoma, and endophtalmitis are expected to rise with repeated adminis-
tration of triamcinolone. Other studies have reported similar beneficial results with

Figure 5 Patient with macular edema secondary to CRVO had an intravitreal injection of
0.1 cm3 of triamcinolone acetonide (4mg) with rapid resolution of retinal thickening. (A) Late-
frame fluorescein angiogram before injection showing significant fluorescein leakage in macular
area. (B) Late-frame angiogram following steroid injection shows resolution of fluorescein leak-
age. (C) (See color insert) OCT before injection demonstrates pronounced macular thickening.
(D) (See color insert) OCT following injection shows macular edema resolution. Abbreviations:
CRVO, central retinal vein occlusion; OCT, optical coherence tomography.
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treatment of macular edema due to BRVO and CRVO with intravitreal injection
of triamcinolone acetonide (39,40).

OTHER TREATMENTS

The previous section described treatment of retinal vein occlusion with one of the
most recently proposed treatments, that of intravitreal corticosteroids. However, a
variety of other treatments have either been proposed or are currently being used
to treat patients with retinal vein occlusions. This section describes these treatments
in greater detail.

Systemic Thrombolytic Therapy

Most cases of CRVO result from the formation of a thrombus at or just posterior to
the lamina cribrosa (6). Systemic thrombolytic therapy was first attempted with
anticoagulants in 1938. Costen et al. (41) described one case treated within seven
hours of onset who had visual acuity improve from 20/200 to 20/30 over a period
of 30minutes due to presumed lysis of the thrombus, with venous filling time
improving from 34.6 to 23.3 seconds on repeated fluorescein angiography.

Kohner et al. (42,43) published the first controlled randomized trial using
streptokinase for the treatment of central retinal vein occlusion. Of 40 patients,
20 were treated with an intravenous streptokinase bolus followed by continuous
infusion for 72 hours and then use of oral warfarin for six months. Twenty patients
served as controls. At one-year follow-up, the treatment group had an average gain
of 1.3 lines versus the control group who lost an average of 1.5 lines (p< 0.03).

It was noted, however, that 3 of the 20 treated patients developed sudden
severe vitreous hemorrhage, which led to functional blindness and therefore the
authors advised caution with use of this treatment. Vitreoretinal surgical techniques
have improved significantly since this report and it is possible that such adverse
events could be more easily managed at this time.

Elman reported on the use of systemic tissue plasminogen activator (tPA) rather
than streptokinase for the management of CRVO (44). Tissue plasminogen activator
has a better safety profile, is less antigenic, has a shorter half life, and induces less
risk of causing systemic hemorrhage. Of 96 patients, 55 had systemic tPA plus
aspirin, with treatment administered an average of 21 days after the onset of central
retinal vein occlusion. Forty-two percent improved greater than or equal to three
lines of visual acuity at six-month follow-up (average of 5.1 lines). Thirty-seven per-
cent remained stable and 21% lost three or more lines of visual acuity. When compar-
ing the 44 patients in this trial who had baseline visual acuity between 20/50 and 20/
200, it is noted that 48% gained at least three lines of visual acuity compared to 6% of
patients in the treatment arm of the CVOS which had a similar entry visual criteria.
However, 30% lost at least three lines of visual acuity in this trial versus 13% in the
CVOS (4). Three patients sustained intraocular bleeding and one died from hemorrha-
gic stroke. Despite the favorable visual results, the potential for fatal adverse events
has prevented this form of management from becoming more commonly utilized.

More selective application of thrombolysis has been attempted with injection
of urokinase into the ophthalmic artery. Paques et al. (45) reported retrospectively
on 26 eyes treated in this method, nine of which were combined central retinal artery
occlusion (CRAO) and CRVO. The visual acuity improved significantly in only six
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eyes and four of these were patients with combined CRVO/CRAO. The results in
CRVO did not warrant the use of this approach.

Intravitreal Thrombolytic Therapy

To bypass the potential fatal side effects of systemically applied thrombolytic
therapy, thrombolytic agents have been delivered locally into the vitreous. Elman
et al. (46) reported on a retrospective series of nine eyes treated with 100 mg
(0.2 mL) of intravitreal tPA followed by paracentesis. At six months of follow-up
there were no adverse events, and four of the nine eyes had improved by at least three
lines of visual acuity. However, two eyes sustained a loss of six or more lines. None
of the four cases deemed ischemic at baseline improved beyond 20/200. In a similar
series, Glacet-Bernard et al. (47) reported on 15 patients with CRVO of 1 to 21-day
duration (mean of eight days) treated with intravitreal tPA. Eight of 15 patients had
a baseline visual acuity of 20/50 or better. Of those patients available for the eight-
month follow-up, visual acuity increased in five, remained unchanged in five, and
decreased in four. Six of 15 patients developed an increased amount of intraretinal
hemorrhage. The results were deemed to be no better than the natural history.

Lahey et al. (48) reported on 26 eyes (23 with CRVO, 3 with BRVO) treated
with 65–110 mg of intravitreal tPA within 21 days of the onset of CRVO. There
was no control group. This trial had a short follow-up of six weeks. At six weeks,
the visual acuity was stable or improved in 16 of 23 eyes (69.6%). One eye developed
vitreous hemorrhage and two others were found to have an increase in macular
edema and a subsequent decrease in visual acuity. The short follow-up precludes
making substantive conclusions.

Controversy exists over whether intravitreally injected tPA can diffuse across
the retina to act on the site of thrombosis. Some authors also question whether throm-
bolytic therapy can have any effect in older cases of central vein occlusion where the
thrombus has formed fibrin cross linking and become organized. It has been suggested
that such treatment would be more effective if applied closer to the time of onset of the
retinal vein occlusion.

Injection of tPA into Venules

Weiss and Bynoe (49) developed the technique of treating CRVO with pars plana
vitrectomy, cannulation of a branch retinal vein and injection of tPA toward the
thrombus. In a prospective study without controls, 28 eyes with CRVO of average
duration of 4.9 months were treated. Baseline visual acuity was 20/63. The proce-
dure involves a pars plana vitrectomy, elevation of the posterior hyaloid if no prior
posterior vitreous detachment is noted, lowering of the intraocular pressure for the
canulation of the branch vein and injection of 0.6–7.5mL of tPA (200 mg/mL).

Complications included the development of vitreous hemorrhage in 25%, hemo-
lytic glaucoma in one patient and retinal detachment in one. The authors report a 79%
rate (22/28) of visual acuity improvement of one line or more. With an average
follow-up of 11.8 months (3–24 months range), 14 of 28 eyes (50%) gained at least
three lines. This procedure requires specialized equipment and the study has been
critiqued for including eyes (29%) that had a prior procedure for treatment of central
retinal vein occlusion. With the lack of a control group it is unclear whether this
treatment is indeed superior to the natural history for these cases. This procedure is
undergoing further investigation.
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Rheologic Therapy

Pharmacologic Agents

Rheological abnormalities, including increased red blood cell (RBC) aggregation,
increased plasma viscosity, and increased hematocrit and fibrinogen have been
described in CRVO (50). Blood viscosity is determined by plasma viscosity, RBC
deformability, RBC concentration, and RBC aggregation. Rheological drugs such
troxerutin and pentoxyfylline can inhibit platelet and RBC aggregation and increase
RBC deformability and therefore decrease blood viscosity and increase flow (51,52).
A recent prospective double-masked placebo-controlled randomized clinical trial
evaluated treatment of CRVO (27 patients) and BRVO (26 patients) with troxerutin
versus placebo. The treatment group received troxerutin for a period of four months
after which both the treatment and placebo groups received troxerutin for the remain-
der of a two-year period. The mean follow-up was two years. In the treatment group,
retinal circulation time improved and a smaller percentage progressed to ischemic
CRVO and required panretinal photocoagulation than the placebo group. The RBC
aggregation index and fibrinogen level had decreased significantly at four months
when compared to controls. As well, although both groups had a similar baseline
visual acuity, at four months the mean visual acuity in the treatment group was
20/63 versus 20/100 in the controls.

Hemodilution

Hemodilution has been proposed as a method to reduce abnormal blood viscosity to
treat retinal vein occlusion. In this procedure, whole blood is withdrawn and the
same volume of a plasma expander such as hydroxyethyl hemadon or hydroxyethyl
starch is reinjected until the hematocrit is decreased to approximately 35%.

Glacet-Bernard et al. (53) reported on a prospective study of isovolemic hemo-
dilution to treat 142 eyes with central retinal vein or hemiretinal vein occlusion. They
had a target hematocrit of 35% and noted an average decrease in hematocrit with
treatment from 42% to 32% without major side effects. They distinguished patients
who were treated within two weeks of symptom onset and those treated later. With a
mean follow-up of 10 months, 41% of the early treatment group had improved visual
acuity to 20/40 or better. In the late treatment group, 23% achieved this visual acuity
(p< 0.01). Overall, the early treatment group lost 0.2 ETDRS lines while the late
treatment group lost 1.9 lines on average. Retinal arteriole–venous transit time
was found to decrease from 8.8 to 6.2 seconds on average. Although the visual acuity
results appear promising in the early treatment group, it should be noted that there
was a significant increase in retinal ischemia, with individuals having greater than
100 disk diameters of ischemia on fluorescein angiography rising from 3% at baseline
to 57% at final follow-up. Fifty-seven of 142 eyes required panretinal laser or cryo-
pexy for treatment of ischemia-related changes.

Hattenbach et al. (54) studied 22 patients with CRVO and distinguished those
treated within 11 days of onset versus those treated later. Visual acuity improved in
two of the nine patients treated early and one of the 13 patients in the late treatment
group. Hansen et al. (55) studied 83 eyes, 35 of whom were deemed ischemic at base-
line. Hemodilution was conducted over a period of six weeks with side effects includ-
ing fainting spells in 5% of patients and weakness in 16%. Maximum venous filling
time was measured on fluorescein angiography and found to decrease from 18.4 to
13.1 seconds in nonischemic CRVO and from 24.5 to 14.8 seconds in ischemic
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CRVO at the three-month follow-up. At baseline, 50% of the patients with nonis-
chemic CRVO started with visual acuity of at least 20/50 and at one year 59% of
these patients maintained this vision. In patients with ischemic CRVO 48.5%
improved by two or more lines at one year with 25% achieving 20/50 or better visual
acuity (one of 35 started with this level of visual acuity). In this study, all ischemic
patients received xenon panretinal photocoagulation (PRP) prophylactically. In a
separate study, Hansen et al. (56) demonstrated that hemodilution plus PRP led
to superior visual acuity outcome when compared to administration of PRP alone.
Five of 19 in the treatment group improved their visual acuity by at least two lines at
one year follow-up compared with none of the control group (PRP alone).

There is controversy regarding hemodilution. Wiek et al. (57) have found no
evidence in their studies that there is a significantly higher plasma viscosity or hema-
tocrit in patients with central retinal vein occlusion when compared with controls.
They found no change in viscosity with hemodilution. In a prospective randomized
trial of 59 patients who developed CRVO less than three months prior to entering
the study, Luckie et al. (58) demonstrated no significant difference in the rate of visual
acuity improvement or in the development of neovascularization of the iris at six-
month follow-up. However, they found the incidence of vision loss to be five times
greater in the treatment group.

Hemodilution has been attempted to manage BRVO. In one series, 34 patients
(18 treated and 16 controls) were managed within three months of symptom onset
and were treated for six weeks with a target hematocrit of 35%. Visual acuity
improved in the treatment group from a mean of 20/100 – 2 units to 20/40 at one-
year follow-up. In the control group, baseline visual acuity was similar (20/100 – 2)
and improved to a mean of 20/80. However, in this study the results are confounded
by the application of macular grid laser in 28% of the hemodiluted patients and 44%
of the control group (59).

Wolfe et al. (60) added treatment with pentoxifylline for six months following
hemodilution. At one-year follow-up the mean visual acuity improved by 1.5 lines in
the 19 treated patients versus a decline of 1.5 lines in the 21 control patients. The
mean arteriole–venous transit time normalized more quickly in the treatment group
but was equal at one year in both groups. Plasma viscosity decreased with treat-
ment. It is difficult in this study to determine whether the treatment was more ben-
eficial for nonischemic or ischemic CRVO. In this study, CRVOs were considered
ischemic when they met two or more of the following conditions: two disk areas
of nonperfusion, visual acuity less than or equal to 20/200, greater than 10 cotton
wool spots. The central vein occlusion study has demonstrated that a better bench-
mark for ischemic CRVO may be the presence of more than 10 disk areas of non-
perfusion.

Plasmapheresis has been added to hemodilution as a further method to decrease
viscosity and improve blood flow. Plasmapheresis has been performed in a study of
five eyes with central retinal vein occlusion where all patients improved visual acuity
by at least one line at final follow-up. These authors recommended use of plasmapher-
esis when hemodilution has failed.

In summary, there has been controversy over whether central and branch retinal
vein occlusions are associated with increased plasma viscosity or elevated hematocrit
and whether the results for nonischemic CRVO are better than the natural history.
There have been further contradictory findings regarding the efficacy of this treatment
for ischemic CRVO. Although promising results have been demonstrated, the techni-
que requires evaluation with larger randomized controlled clinical trials.
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Surgical Decompression Procedures

For both CRVO and BRVO the pathophysiology includes the formation of throm-
bosis within the venule, typically at the crossing point of an arteriole and venule in
the case of BRVO, and at or just posterior to the lamina cribrosa in the case of
CRVO. In both instances the compartment syndrome model has been proposed
whereby the vein is partially compressed by the adjacent arteriole artery within a
restricted space. This can lead to turbulence of blood flow, and secondary develop-
ment of thrombosis. Surgical decompression of the vein or the surrounding struc-
tures has been proposed as a therapeutic procedure for both disorders.

Radial Optic Neurotomy

A compartment syndrome model has been proposed to explain the development of
CRVO. According to this model, an unyielding scleral ring at the optic disk forms
the boundary of the compartment. Thrombosis of the central retinal vein may occur
when vascular thickening or collagen changes in the scleral ring allow increased pres-
sure on the central retinal vein within a confined space.

Surgical decompression of the scleral ring from a posterior approach was first
advocated by Vasco Posada in 1972 (61). Twenty-two patients with CRVO had the
scleral ring and dural sheath of the optic nerve cut posterior to the globe. The base-
line visual acuity was count fingers to 20/100 and improved to 20/80–20/20. The
complication rate was high. In 1984, Arciniegas (62) used the same procedure on eyes
of 44 patients with CRVO. Forty-eight percent had no change in visual acuity, 38.6%
had improved visual acuity (that averaged 4.1 lines), and 13.6% had decreased visual
acuity. This study lacked a control group.

Opremcak (63) reported an anterior approach to decompress the central ret-
inal vein. In this procedure, a pars plana vitrectomy is followed by a radial incision
at the nasal junction of the optic nerve and retina extended to the depth of the
lamina cribrosa and adjacent sclera. In the initial report, 11 patients with baseline
visual acuity of 20/400 or worse were treated with radial optic neurotomy. With
an average follow-up of nine months, 7 of the 11 (73%) achieved 20/200 or better,
and 5 of the 11 (45%) achieved 20/70 or better. Overall, 73% of the patients had
improved visual acuity. All patients at baseline had macular edema. Five were
deemed nonischemic and six were indeterminate. The author compared the results
with the CVOS and concluded that this trial had favorable results as only 20% of
patients in the CVOS who had a baseline visual acuity of less than or equal to
20/200 ended with a final visual acuity of greater than 20/200. In a larger series
of 110 patients with initial visual acuity of 20/200 or worse, radial optic neurotomy
was performed (64). Of 84 patients who had at least six-month data, 63% had
improved visual acuity (one to nine lines) and 7% developed decreased visual acuity.
Complications included vitreous hemorrhage in 6% and subretinal hemorrhage in 7%.
The potential complication of laceration of one of the central vessels was not
reported, nor was retinal detachment or globe perforation. In a cadaver histological
study, Altaweel et al. found that the potential for such perforation was reduced by
approaching the radial optic neurotomy incision with the blade entered from the nasal
sclerotomy (Fig. 6) (65).

Hayreh (66) has argued that since the lamina cribrosa comprises a firm rather
than elastic band of collagen tissue, an incision in one aspect should not relax the
tissue and allow decompression of the central retinal vein. He has also commented
that as the thrombosis is often posterior to the lamina cribrosa, decompression at

Retinal Vein Occlusion 313



the lamina cribrosa may not affect the thrombus. As the circle of Zinn–Haller is cut
with this procedure, it is possible that the procedure could adversely affect the circu-
lation of the optic nerve head. Further evaluation of this procedure would benefit
from a randomized controlled clinical trial.

An alternate method of decompressing the central retinal vein has been
described (67). In an animal study using enucleated pig eyes and rabbit eyes in vivo,
a blade with one sharp side and one blunt side was directed posteriorly adjacent
to the vessels rather than at the edge of the optic nerve as performed in radial optic
neurotomy. In ‘‘lamina puncture’’ the blunt side is adjacent to the central retinal
vessels and a penetration is conducted to strip connective tissue from around the ves-
sel wall. It is proposed that this procedure would release constriction of the central
retinal vein by surrounding connective tissue. The vein lumen would then incre-
ase, which may allow improved blood flow around the thrombus or passage of
the thrombus.

Figure 6 (A) Radial optic neurotomy involves incision of the optic nerve sheath with an
MVR blade at the junction of the optic disk and retina. (B) (See color insert) Cross section
of the optic nerve demonstrates sectioning of the scleral ring in a cadaver eye. Abbreviation:
MVR, microvitreoretinal.
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Arteriovenous Sheathotomy for BRVO

BRVO occurs at the crossing site of an arteriole and venule. The adventia of the two
vessels are fused at the crossing site. The arteriole may compress the venule and alter
the blood flow in the venule, leading to secondary thrombosis (68). In a histological
study, medial layer hypertrophy in the arteriole wall was observed in 90% of cases (7).
The first reported case of attempted separation of the arteriole and venule to allow
decompression of the venule and improved blood flow or passage of the thrombosis
was fromOsterloh andCharles (69). They performed the procedure on 12 porcine eyes,
2 eye-bank eyes, and 1 human eye. In this technique, a pars plana vitrectomy was
performed and the adventitia was separated from the vein with an intraocular
horizontal scissors. The patient’s visual acuity improved from 20/200 to 20/25 over
a period of eight months. In a prospective series, Opremcak and Bruce (70) reported
on 15 patients who had pars plana vitrectomy, elevation of the intraocular pressure,
and separation of the arteriole from the venule with a bent microvitreoretinal
(MVR) blade. An inner retinal incision was created along the vessel walls proximal
to the arteriovenous crossing and the blade was slid along the vessel towards the com-
mon adventitia, which was incised, allowing separation of the vessels (Fig. 7). In this
series, the average BRVO duration was five months, and the average patient age was
69 years. The preoperative visual acuity was less than 20/70 in all patients and less than
20/200 inmany. The average follow-up durationwas 3.3months (range, 1–12months).
Twelve eyes (80%) had stabilized or improved visual acuity. Sixty-seven percent gained
visual acuity, and, in this group, the mean gain was four lines. Twenty percent had
decreased visual acuity, (that averaged two lines).Many of the patients included in this
study were not eligible for standard treatment with grid laser as managed in the BRVO
study, as 46% of the patients in this trial had macular nonperfusion. All patients
improved clinically with decreasedmacular edema, decreased intraretinal hemorrhage,
and improved perfusion on fluorescein angiography. In a later unpublished prospective
nonrandomized series of 50 eyes, visual acuity improved in 76% (a mean of 4.5 lines in
this group) and outcome was not related to initial perfusion status.

One small report of three eyes undergoing this procedure contradicts these
findings, with visual acuity remaining unchanged in two patients and decreasing in
one. In these three cases, increased areas of nonperfusion were noted. It is possible
that the vessels were damaged during the procedure (70).

Shah (71) reported 6.5-years follow-up in an uncontrolled retrospective study
of five eyes with BRVO and initial visual acuity of 20/200 or worse that were treated
with arteriovenous sheathotomy. Four of the five (80%) obtained a visual acuity of
20/70 or better at the extended follow-up.

The only study to include a control group is that of Mester and Dillinger (72).
Forty-three study eyes and 25 controls with entry visual acuity of less than 20/40
were enrolled. This study is not completely comparable with the other studies as
all patients had isovolemic hemodilution for 10 days and the treatment group had
the surgical procedure as well. The follow-up period in this study was extremely
short (six weeks) and the mean duration of venous obstruction was only 4.6 weeks.
In the treatment group, the mean visual acuity improved from 20/40 – 2 to 20/30þ 1
and in the control group it decreased from 20/30 – 1 to 20/30 – 2. One-third of the
control group experienced a decrease in visual acuity over the six-week period. How-
ever, in the treatment group, 60% had improved visual acuity by at least two lines
and 28% improved by four lines or more. Only one out of 43 patients experienced
a moderate decrease in visual acuity (more than or equal to two lines). Macular
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Figure 7 (A) (See color insert) In branch vein desheathing surgery, a bent MVR blade or scis-
sors are used to incise the common adventitia at the arteriovenous crossing allowing separation
of the vessels. (B) Eye with BRVO has extensive intraretinal hemorrhage, (C) and macular
edema corresponding to quadrantic area of fluorescein leakage, in part obscured by intraretinal
hemorrhage. (D) Following treatment, there is resolution of intraretinal hemorrhages, and (E)
decreased venous caliber, improved flow, and resolution of leakage on a fluorescein angiogram.
Abbreviations: BRVO, branch retinal vein occlusion; MVR, microvitreoretinal.
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edema and intraretinal hemorrhage resolved more in the treatment group than in the
control group (72).

The potential complications with this procedure include vitreous hemorrhage,
nerve fiber layer defect, retinal detachment, accelerated cataract formation, and
increased retinal nonperfusion. The rates of these complications have been low in
the reported studies.

Laser-Induced Chorioretinal Venous Anastomosis for Treatment of CRVO

Macular edema secondary to CRVO occurs largely because of venous outflow
obstruction. McAllister and Constable (73) devised a method to create new venous
outflow routes. In this technique, Bruch’s membrane is ruptured with a high-
energy laser directed adjacent to the wall of a venule distal to the obstruction
to create an anastomosis with the choroidal circulation. They initially demon-
strated the feasibility of the procedure in dog and rat models. Subsequently, they
reported a case series of 24 eyes with nonischemic CRVO. An argon green laser
with a 50 mm spot size, a pulse duration of 0.1 seconds, and 1.5–2.5W of energy
was used to disrupt Bruch’s membrane and the venule wall. One to five laser
attempts were required. A successful anastamosis was created in 8 of the 24 eyes.
Flow was found in the anastomotic region at 3–7 weeks postprocedure. Six of the
eight patients had an initial visual acuity of 20/200 or worse, and three of these
six improved more than two lines. Two patients with an initial visual acuity of
20/120 improved to 20/30. The eight patients with successful anastomosis
remained nonischemic, whereas five of the remaining 16 (31%) converted to
ischemic CRVO. In subsequent reports, other authors have used a YAG laser
for the same purpose.

Significant adverse events were reported with laser chorioretinal anastamosis.
Complications included hemorrhage from the retinal vein in 40%, subretinal hemor-
rhage in 7%, and choroidal hemorrhage in 6%. These hemorrhages generally
resolved spontaneously. Late consequences included branch retinal vein occlusion
in 11%, preretinal (13%), and subretinal fibrosis (5%) at the site of laser application,
vitreous hemorrhage, and neovascularization associated with conversion to ischemic
central retinal vein occlusion.

The rate of anastomosis formation was similarly low in a series of 24 eyes
collected by Fekrat et al. (74). Nine eyes (38%) had successful anastomosis forma-
tion. Of these nine, visual acuity improved in four and the remainder had no change.
Forty-two percent of eyes developed a transient vitreous hemorrhage and 21%
developed localized choroidal neovascularization at the site of the laser treatment.
Overall, visual acuity decreased by at least one line in 63%.

Browning and Antoszyk (75) created an anastomosis in only two of eight eyes.
These two eyes did not have improved visual acuity while two others without suc-
cessful anastomosis did have improved visual acuity. Two of the eight patients devel-
oped tractional retinal detachment, three developed iris neovascularization, and one
developed neovascular glaucoma.

Overall, chorioretinal anastamosis is a procedure that may be best performed
for nonischemic CRVO as the major complication of pre- and subretinal fibrosis is
more likely in ischemic CRVO. These uncontrolled trials have not proven that this
procedure is superior in outcome to the natural history of non-ischemic CRVO.
Additionally, the risks as demonstrated in these trials are significant. As a result, this
procedure has not gained wide acceptance.

Retinal Vein Occlusion 317



Quiroz-Mercado et al. (76) have described the combination of pars plana
vitrectomy with posterior hyaloid detachment and formation of a chorioretinal
venous anastomosis with YAG laser. It was postulated that the addition of the
vitrectomy may prevent formation of preretinal fibrosis as described in previous
trials. Although the initial results indicated moderate benefit in two patients, this
modality requires more study. In one case study described as having a pars plana
vitrectomy followed by the use of an MVR blade to create an anastomosis for the
treatment of ischemic CRVO, preretinal fibrosis still developed and visual acuity
improvement was minimal.

Laser-Induced Chorioretinal Venous Anastomosis for BRVO

As in the management for CRVO, the purpose of such a procedure is to reestablish
venous outflow by creating a chorioretinal anastomosis distal to the site of obstruc-
tion, to attempt to improve visual acuity by decreasing macular edema, and to
decrease the conversion from nonischemic to ischemic vein occlusion. Fekrat and
de Juan (77) reported on six eyes with branch vein occlusion of whom, three had suc-
cessful anastomoses. Of the six eyes, the visual acuity improved one to three lines in
two, remained unchanged in one, and decreased in three. This result does not appear
to be significantly better than the natural history of visual acuity loss due to BRVO.

Pars Plana Vitrectomy for Macular Edema Secondary to Retinal Vein Occlusion

Vitrectomy has been advocated by some authors to manage retinal vein occlusion with
persistent macular edema. It has been postulated that removal of the vitreous and eleva-
tion of the hyaloid may decrease breakdown of the blood–retina barrier and secondary
leakage from blood vessels, and as well may allow better maintenance of preretinal
oxygen tension. Stefansson et al. (78) created branch retinal vein occlusion in 10 non-
vitrectomized and 5 vitrectomized cat eyes. In the vitrectomized eyes, there was no
significant alteration in oxygen tension at the retinal surface whereas in the nonvitrecto-
mized eyes there was a significant reduction, from 20 to 6 mmHg. They postulated that
vitrectomy may, therefore, prevent the development of neovascularization (78).

Saika et al. (79) reported on a group of 19 eyes that had pars plana vitrectomy,
elevation of the posterior hyaloid, fluid gas exchange, and cataract extraction with
intraocular lens implant. Ten of the 19 eyes had decreased in macular edema as iden-
tified on optical coherence tomography; the mean thickness decreased from 383 to
208 mm. However, there was no statistically significant improvement in visual acuity.
If only patients with more recent onset of branch retinal vein occlusion were included
in the analysis, a visual improvement was noted.

Another study evaluated 29 eyes with BRVO (average duration of 9.5 months)
and 14 eyes with CRVO (average duration of 2.8 months), all with macular edema.
Treatment included pars plana vitrectomy, elevation of the posterior hyaloid, catar-
act extraction, and intraocular lens implantation. Most patients had received prior
unsuccessful grid laser. At one year, the branch vein occlusion group had improved
from 20/50 – 2 to 20/30 and the CRVO group had improved from 20/40 to 20/
30þ 1. Adverse events included the development of retinal tears in four of 43 eyes
and a macular hole in one. Tachi et al. (80) concluded that this procedure was ben-
eficial in reducing macular edema and improving visual acuity. However, this form
of treatment carries with it the risk of vitrectomy and, to date, has not been com-
pared with a control group.
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SUMMARY

There have been many therapeutic approaches to manage CRVO and BRVO which
attempt to address the primary pathology (thrombosis at or just posterior to the
lamina cribrosa in CRVO, thrombosis at the arteriovenous crossing in BRVO) or
to address the secondary consequences of the occlusion (macular edema, ischemia,
neovascularization). Many of these studies suffer from lack of a randomized con-
trolled prospective design and others have small control groups. Differing entry
criteria may limit the applicability of the results of one study to the general popula-
tion. The current plethora of varying treatments for retinal vein occlusions points to
the lack of a definitive therapy.

Currently, a local drug delivery approach has been most favored because it is
possible to avoid systemic toxicity with this method. As discussed earlier, corticoster-
oids given by intravitreal injection, or in a sustained drug delivery system may be an
effective method to treat macular edema secondary to CRVO and BRVO. However,
the case series discussed previously have described the potential adverse side effects
of intravitreal kenalog administration which include secondary cataract formation,
glaucoma, and injection-related side effects such as endophthalmitis and retinal
detachment. This stresses the importance of randomized controlled trials of a longer
duration. The SCORE (Standard Care vs. Corticosteroid for Retinal Vein Occlusion)
study is a National Eye Institute–funded Phase III controlled, randomized clinical trial
that will compare a preservative-free triamcinolone preparation versus grid laser
photocoagulation to treat patients with BRVO and secondary macular edema and
versus observation in individuals with CRVO andmacular edema. Other steroid appli-
cations that will be tested for these conditions include an injectable biodegradable
dexamethasone implant and a sustained release, nonbiodegradable fluocinolone acet-
onide intravitreal implant.

In addition to local drug delivery of corticosteroids to the eye to treat retinal
vein occlusion, many other pharmaceutical agents are either in development or are
in clinical testing. These agents have anti-permeability and anti-angiogenic proper-
ties that may address the common complications of retinal vascular occlusions.
For example, the anti-VEGF aptamer, pegaptanib sodium (macugen), is currently
being evaluated in clinical trials as a treatment for macular edema associated with
CRVO. This compound will be delivered to the eye by intravitreal injection. Other
compounds that may eventually enter clinical trials for retinal vein occlusion include
antibodies directed against VEGF (ranibizumab and bevacizumab), modified steroid
compounds and small interfering RNA (siRNA) technology among others.

Within the next five years there will likely be further data available to help
guide the management of CRVO and BRVO with its associated macular edema.
The future for patients with these conditions looks more promising than ever
because of new pharmacologic agents that can be effectively and efficiently delivered
to the posterior segment of the eye.

Side Bar: Authors’ intravitreal injection procedure

� Patient is reclined at 60� or is placed in supine position.
� Preoperative application of fourth-generation fluoroquinolone, one drop q.

5 min � 3.
� Anesthetic: proparacaine drops plus apply a proparacaine-soaked cotton-

tipped pledget to the site of injection with moderate pressure for 30 seconds.
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� Prep: povidone iodine solution 5%, one drop 5 minutes before procedure
and repeat just before procedure; cleanse lids with iodine-soaked cotton-
tipped pledget.

� Place lid speculum.
� Drape—optional.
� Site marking: utilize calipers or the hub of a TB syringe to mark 3.5–4 mm

from the limbus in the inferior or inferotemporal location.
� Injection: 0.1 cm3 (4mg) of triamcinolone acetonide through a 27 gauge

needle on a 1 cm3 syringe; insert needle to one-half depth directed towards
optic nerve. Inject slowly. Withdraw needle and rub site with sterile q-tip.
Apply one drop of antibiotic and remove lid speculum.

� Examination with indirect ophthalmoscopy to ensure proper location of
steroid, perfusion at optic nerve, and lack of complications.

� If visual acuity has decreased to no light perception and very high intrao-
cular pressure is found, consider paracentesis.

� Recheck intraocular pressure in 5–10 minutes.
� Use antibiotic four times a day for 3–4 days.
� Follow-up examination day three to seven.
� Symptoms of decreasing visual acuity, ocular pain, or conjunctival erythema

should lead to early reassessment.
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INTRODUCTION

Cytomegalovirus (CMV) retinitis typically develops in severely immunocompromised
individuals. CMV retinal infection was extremely rare until the early 1980s when its
incidence rose rapidly due to its occurrence in immunosuppressed patients with
acquired immunodeficiency syndrome (AIDS) (1). It may also develop in individuals
with reduced systemic immunity secondary to organ transplantation, congenital, or
acquired immunosuppressive disorders, medications, malignancy, or congenital CMV
infection (2). Improvements in organ transplantation and systemic immunosuppres-
sive medications have drastically increased survival of immunocompromised indivi-
duals, who are at greater overall risk of developing opportunistic infections such as
CMV retinitis.

CMV produces progressive retinal destruction leading to blindness unless anti-
CMV treatment is commenced and/or the underlying cause of systemic immunosup-
pression is reversed (3). Multiple new therapies and different routes of medication
delivery have been investigated to treat this previously devastating infection in an
effort to prevent or limit visual loss.

Data regarding the clinical presentation of CMV retinitis, pattern of infection,
disease course, and complications have been obtained in the last two decades because
of its association with AIDS. Therapy for AIDS has been greatly improved since the
mid-1990s with the development and use of highly active antiretroviral therapy
(HAART). HAART therapy improves systemic immune function in many patients
with AIDS, and thus has drastically altered the incidence and clinical features of
CMV retinitis and other opportunistic infections (4).

VIROLOGY AND EPIDEMIOLOGY OF CMV INFECTION

Cytomegalovirus is a double-stranded DNA virus belonging to the human herpes-
virus family (1,5). The other members include herpes simplex virus (HSV), varicella
zoster virus (VZV), and Epstein–Barr virus (EBV). While the herpesviruses are
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indistinguishable by electron microscopy, CMV is specifically diagnosed by its char-
acteristic appearance on histopathology and culture, as well as antigenic features (5).

Systemic CMV infection was initially described in 1905 (6). It had been known
as salivary gland disease, and then as cytomegalic inclusion disease based on the
characteristic cellular inclusions produced by CMV on light microscopy. Transmis-
sion of CMV virus can occur by body secretions, infected blood products, or via
the placenta (1). The incidence of CMV seropositivity increases with age and expo-
sure to CMV has usually occurred by early adulthood. By age 35, nearly all persons
living in North America have been exposed to CMV and over 80% demonstrate
detectable circulating viral antibodies (7,8). The prevalence of CMV may be particu-
larly high in AIDS due to the potential for sexual transmission of CMV virus. The
incidence of newborn CMV infection ranges from 0.5% to 2.5%, and fortunately,
only 10% of serologically positive newborns will show clinical manifestations of
the virus (2,7).

CMV infection rarely produces clinical disease in immunocompetent persons,
but it can produce considerable morbidity and mortality in immunocompromised
individuals. Severe CMV infection is typically associated with abnormal cell-
mediated immunity. It affects two major categories of individuals; immunosupp-
ressed patients and newborns. After exposure and systemic infection with CMV,
the virus typically attains a dormant state within specific host cells in a similar fash-
ion to other members of the herpesvirus family (9). CMV may infect various sites in
immunosuppressed individuals including the reticuloendothelial system, liver, kid-
neys, lungs, gastrointestinal system, and the central nervous system. One of the most
common target sites for CMV infection is the retina. The features of CMV retinitis
were described in the 1950s (10–12). In 1964, this virus was identified as the causative
agent of CMV retinitis (12,13). During periods of severe immunosuppression, CMV
virus appears to reactivate and infect the retina by hematogenous spread (14). The
development of new onset, active CMV retinitis may indicate the presence of sys-
temic CMV infection, although this can be subclinical or asymptomatic. The pre-
sence and site(s) of active or symptomatic CMV infection is important when
considering the mode of delivery of antiviral medication directed against CMV.

Infection with human immunodeficiency virus (HIV) is the most common
cause of immunosuppression leading to reactivation of CMV and symptomatic
infection. Severe CMV infection has also been associated with congenital immuno-
deficiency syndromes, pharmacologic immunosuppression, organ transplantation,
malignancy, and autoimmune disorders (2,6). When CMV disease occurs in AIDS,
it typically manifests as a retinal infection in well over 70% of patients although it
can affect other sites. CMV was the major cause of ocular morbidity in the late
stages of AIDS (9,15). Prior to the introduction of effective highly active anti-retro-
viral therapy (HAART) for individuals with HIV infection, estimates for the preva-
lence of CMV retinitis varied between 10% and 40% (15–18). CMV retinitis was
bilateral at presentation in approximately one-third of patients and it was the
AIDS-defining diagnosis in about 5% of HIV infections (16,18,19). Certain AIDS
subpopulations have a lower incidence of CMV retinitis such as pediatric patients,
and this may result from lower CMV seropositivity rates in this population
(16,20–22). The onset of CMV retinitis appears to be highly dependent on the
CD4þ T-lymphocyte cell count in adults with AIDS. In children, an age-adjusted
CD4þ count should be considered (2). The risk for CMV retinitis increases as the
number of CD4þ cells or their function is diminished. The mean CD4þ cell count at
the time of diagnosis of CMV retinitis in AIDS is typically less than 50 cells/mm3.
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It is rare for patients with CD4þ counts greater than 200 cells/mm3 to develop this
disease, although it could potentially occur in an individual who previously had a
very low CD4þ count less than 50 cells/mm3 who is initially experiencing a favor-
able response to HAART with rapid elevation of the CD4þ count (4).

CMV RETINITIS IN THE ERA OF HAART

Highly active antiretroviral therapy, also known as HAART, refers to a combination
of medications to treat HIV infection including protease inhibitors and/or nucleoside
analogues. It has been defined as an antiretroviral regimen that can be expected to
reduce the viral load to less than 50 copies per milliliter in treatment of naive patients
(23). The use of HAART in developed countries commenced in 1995–1996 and it has
markedly improved survival in AIDS. The increased CD4þ lymphocyte cell count
and the decreased HIV viral load in the peripheral blood secondary to HAART
in patients who respond to this therapy, results in a reduction of all opportunistic
infections including CMV retinitis (4). Since the introduction of HAART, there
has been reduction in the incidence of primary and relapsing CMV disease, CMV
viral load and antigenemia (24). The North American incidence of CMV retinitis
in the post-HAART era has decreased to approximately one-fourth that of the
pre-HAART era (4,24–27).

The CD4þ lymphocyte cell count continues to be a reliable indicator of the
immune status while undergoing HAART therapy in most instances. Prior to
HAART, immunocompromised individuals with CMV retinitis required anti-
CMV medications for the duration of their immune suppression, which was typically
chronic for AIDS. This treatment initially required daily prolonged intravenous ther-
apy with systemically toxic agents. Local treatment with the sustained release ganci-
clovir implant and intravenous therapy with longer acting agents was subsequently
developed for CMV retinitis. This led to an enormous improvement in the quality
of life for these patients as well as improved control of the CMV retinal disease. Dis-
continuation of anti-CMV therapy in AIDS patients with improved immune func-
tion due to HAART is now an option for this disorder that previously required
lifelong anti-CMV therapy (28). Spontaneous healing of CMV retinal lesions with
HAART alone has also been described, although HAART therapy is not typically
recommended as the sole therapy for acute CMV retinitis as it may take a prolonged
period to produce elevation of functional CD4þ cells (29). It is advised to wait sev-
eral months to ensure that the immune recovery induced by HAART is stable before
discontinuing prophylaxis or treatment of opportunistic infections such as CMV. It
has been recommended that discontinuation of anti-CMV therapy without risk of
developing recurrent retinal infection may be considered when the CD4þ T-cell
count rises above 100–150 cells/mL for 3–6 months (30). A new entity known as
‘‘immune recovery uveitis,’’ or IRU, has been described in HIV-infected patients
typically with inactive CMV retinitis who are undergoing HAART treatment
(31,32). It has been hypothesized that the recovery of immunity produces a renewed
inflammatory reaction against the infectious antigen. This inflammatory reaction
had not previously been generated in the individual with AIDS due to the coexisting
immunosuppression. Features of IRU include marked inflammation localized to the
posterior segment and a more normal CD4þ count compared to the immunosup-
pressed AIDS patient. The CD4þ count averaged 300 cells/mL in one study of
IRU (33). The complications of IRU can be visually disabling and chronic. It
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remains to be seen whether any other ocular complications will arise related to
chronic HAART use. It is notable that the prevalence of AIDS overall has increased
due to the improved survival of HIV-infected individuals secondary to HAART
combined with a relatively steady HIV infection rate in the United States.

CMV disease may still develop or relapse when HAART is not effective or the
CD4þ count remains low. As well, incomplete immune recovery may not fully pro-
tect against CMV retinitis. Furthermore, HAART medications may not be easily
obtained, especially in some underdeveloped countries. For these reasons, CMV reti-
nitis continues to be a prevalent and serious opportunistic infection in AIDS. It is
important to be aware of the features and treatment options for this potentially
multisystemic infection in AIDS and other immunocompromised individuals. The
treatment of CMV retinal infection remains challenging, especially due to the multi-
ple side effects of anti-CMV medications.

CLINICAL FEATURES OF CMV RETINITIS

The presence of symptoms may be related to the location of affected retina, and pos-
terior pole CMV retinitis often produces more symptoms than peripherally located
disease. However, it is not unusual to diagnose active retinitis in an asymptomatic
individual on routine screening examination. When symptoms occur, these may
include floaters, scotomata, decreased peripheral or central vision, and metamor-
phopsia. A significant proportion of patients may present to the ophthalmologist
with sight-threatening macular retinitis. In a large series of 648 patients with AIDS,
the prevalence of visual impairment at the time of diagnosis of CMV retinitis was
high and varied based on patient demographics (34). The prevalence of visual acuity
of 20/50 or worse or 20/200 or worse at the time of CMV retinitis diagnosis was 33%
and 17%, respectively. White race and injection drug use were associated with a
lower and a higher prevalence of visual impairment, respectively. The incidence of
visual impairment at one year was also high. Individuals who received HAART
had a 75% lower risk of visual impairment, and the greatest benefit occurred in those
who experienced immune recovery. Pain, external ocular injection, and severe uveitis
are not typical features of CMV retinitis.

CMV produces a retinitis with full-thickness retinal cell necrosis. This is in
contrast to some of the other herpesvirus retinal infections that can preferentially
involve the outer retinal layers. The retinal tissue adjacent to major retinal blood
vessels and/or the optic disk are often affected by CMV retinitis, which may be
secondary to hematogenous viral spread. CMV retinitis has a characteristic appear-
ance, allowing very reliable clinical diagnosis in most cases. Active CMV retinitis
has either a yellow-white fluffy or granular appearance with adjacent intraretinal
hemorrhages. Areas of burned-out necrosis show absence of any retinal tissue, and
the underlying retinal pigment epithelium has a mottled or ‘‘salt and pepper’’ appear-
ance. Areas of burnt-out and active retinitis may be adjacent to each other within the
eye. The CMV retinal infection can be either a large area of hemorrhagic retinal
necrosis or small, focal areas of retinal whitening (1,14,15). Over an interval that
usually spans weeks, untreated CMV retinitis tends to assume one of two different
patterns (9,14). The first pattern is called hemorrhagic. It is characterized by broad
geographic zones of retinal whitening with adjacent retinal hemorrhages, leading to
the description as either ‘‘pizza-pie’’ or ‘‘cottage cheese and ketchup.’’ The border
between necrotic and unaffected retina is sharply demarcated and jagged. The retinal
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blood vessels, both arteries and veins, within the areas of necrosis may appear
sheathed due to vasculitis. Secondary branch retinal vascular occlusion and vasculitis
resembling ‘‘frosted branch angiitis’’ have been reported (14,35). The second
pattern of CMV retinitis is called ‘‘granular’’ or ‘‘brushfire border,’’ where focal
granular infiltrates enlarge slowly leaving behind areas of destroyed retina and
atrophic retinal pigment epithelium. Hemorrhages and vitreous cells are less promi-
nent. This pattern of infection may result from to direct cell-to-cell virion transfer.
The brushfire border may be seen with CMV retinitis anterior to the equator. In some
eyes, both patterns of disease can occur simultaneously or sequentially. In most
clinical trials, progression of CMV retinitis has been defined as one of the following:
movement of a lesion border at least 750 mm along a front that is 750 mm or greater
in length, development of a new CMV lesion in a previously involved eye or in the
uninvolved fellow eye of an individual with baseline unilateral disease (36). CMV
retinitis in zone 1 is defined as retinitis located within 3000 mm from the fovea or
within 1500 mm from the optic nerve. Infection in this zone is considered visually
threatening compared to more peripherally located disease in zone 2 or zone 3.

Mild vitreous cells are almost always present in CMV retinitis. Hypopyon or
severe vitritis is rare (6). The new entity of immune recovery uveitis (IRU) is a
chronic, inflammatory, sight-threatening syndrome associated with immune recon-
stitution due to HAART in AIDS patients who typically have inactive CMV retinitis
(37–39). This disorder is differentiated from CMV retinitis by the history of HAART
therapy, as well as by the CD4þ T-lymphocyte count and clinical examination. The
mean CD4þ T-lymphocyte count in one study was 393 cells/mm3 when IRU was
diagnosed (37). The main feature is significant vitritis that is more pronounced than
the mild vitreous cells in primary CMV retinitis. Complications may include macular
or optic disk edema, proliferative vitreoretinopathy, epiretinal membrane formation,
synechia and posterior subcapsular cataracts which can produce loss of vision from
IRU (40). The IRU prevalence varies with HAART immune recovery but may be as
high as 23%. Risk factors for IRU are immune recovery with HAART and the pre-
sence of a large area of CMV retinitis. Treatment includes subtenons and topical cor-
ticosteroids, which do not appear to reactivate the CMV retinitis.

Without treatment or improvement in the host’s immune system, CMV retini-
tis is a relentless, progressive infection that can produce blindness from one of the
following: retinal necrosis, retinal detachment, and/or optic nerve involvement.
CMV infection can affect the optic nerve either directly or by extension from adja-
cent retinitis (41–43). Exudative retinal detachment can occur, typically with infer-
iorly located shifting fluid (6,14,41). It may be difficult to assess whether there is a
rhegmatogenous component with a full-thickness retinal break located within the
thin necrotic retina. Exudative retinal detachment related to CMV is usually nonpro-
gressive and may resolve with anti-CMV viral therapy. Rhegmatogenous retinal
detachment was reported in 20–30% of eyes with CMV retinitis in AIDS prior to
HAART (44–47). Risk factors include a large retinal lesion and CMV affecting
the anterior retina. The risk of detachment increases if greater than 25% of periph-
eral retina is involved (48,49). The retinal breaks in eyes with CMV retinitis may be
located within or at the border of the necrotic, atrophic retina (50). The retinal
breaks may also be posterior and multiple, and thus different from rhegmatogenous
retinal detachment that occurs secondary to posterior vitreous detachment. It may
be difficult to visualize all of the breaks in necrotic translucent retina and there
may be primary proliferative vitreoretinopathy. For these reasons, CMV-related ret-
inal detachments are difficult to repair with a scleral buckle alone, although buckling
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may be considered in small peripheral detachments when the entire lesion can be
completely placed on the element. Laser photocoagulation demarcation has been
described to delimit macula-sparing CMV-related retinal detachment (51). In many
cases, pars plana vitrectomy with silicone oil retinal tamponade (or less commonly
long-acting intraocular gas) is indicated (44,52,53). The success rate of macular reat-
tachment with vitrectomy and silicone oil is high, although the visual results may
be limited by the underlying disease (54). The visual potential, status of the fellow
eye and the individual’s systemic status should be considered when evaluating the
method for surgical repair. HAART therapy has reduced the rates of retinal detach-
ment, progression of retinitis, and visual loss; the overall risk of vision loss is reduced
by approximately 75% in patients who respond to HAART.

DIAGNOSIS OF CMV RETINITIS

The diagnosis of CMV retinitis is primarily clinical (3). In most cases, ophthalmo-
scopic examination combined with clinical history is all that is required to confirm
the diagnosis. As the disease usually spreads slowly, close observation and fundus
photography may be considered when the diagnosis is uncertain (9). Although most
patients with CMV retinitis have concurrent diffuse systemic CMV infection, they
are usually asymptomatic from a systemic point of view. As the majority of immu-
nosuppressed patients at risk for CMV retinitis will show serologic or culture evi-
dence of CMV in body fluids, documented CMV viremia and/or viruria does not
confirm the diagnosis of CMV retinitis (9). CMV retinitis can be diagnosed from
infected retinal tissue, but an invasive procedure to obtain tissue carries potential
risk. A retinal biopsy during retinal detachment repair may be performed when
the diagnosis is unclear (44,46). Retina biopsy may show cytomegalic cells, although
severe tissue necrosis may preclude this finding. Standard culture of an aqueous or
vitreous sample is typically of little assistance in diagnosing CMV retinitis because
of the limited involvement of these tissues. Newer techniques such as the polymerase
chain reaction (PCR) allow detection of CMV-DNA from small amounts of intrao-
cular fluid leading to diagnosis (55,56).

It has been recommended that patients with AIDS should be screened on the
basis of their CD4þ lymphocyte count although the efficacy of screening asymp-
tomatic patients at risk has not been clearly evaluated. Some patients may be
asymptomatic with active retinitis and earlier diagnosis and treatment should result
in a reduced area of retina involvement and less extension of CMV into the macula.

TREATMENT OF CMV RETINITIS

Treatment for CMV retinitis and systemic CMV infection has markedly improved
over the last decade (57). There are two treatment principles for CMV infection.
The first principle is to reverse or improve the underlying cause of immunosuppres-
sion. This may be possible in some cases by decreasing immunosuppressive medica-
tions, for example, after organ transplantation. This is now possible in AIDS by
commencing or altering HAART therapy to improve the immune status (4,24).

Prior to the development of any specific anti-CMV medications, the major
approach to CMV retinitis therapy was to alter immune function and this was
not particularly successful. In most cases, it was not possible to improve systemic

330 Baumal



immune function or it took a prolonged time interval for immune recovery. Thus,
CMV retinitis often progressed to involve the fovea with irreversible visual loss.
Then in the 1980s, two systemic drugs became available for intravenous treatment
of CMV retinitis: ganciclovir and foscarnet. Before their availability, some of the
medical therapies that were attempted but were not effective included corticoster-
oids, gamma globulin, antifungal agents, vidarabine, human leukocyte interferon,
interferon alpha, and acyclovir (58,59). This led to the second principle of therapy,
which is to treat the CMV infection with a medication that has specific anti-CMV
activity. Multicenter studies have shown that both ganciclovir and foscarnet are
effective initially to halt progression of CMV retinitis and to induce regression
of retinal infection (3). However, these drugs are virostatic and thus require
administration for the entire time that a patient is immunocompromised, which
can be prolonged in patients with an irreversible cause of immunosuppression.
These agents were initially given intravenously, requiring chronic venous access
with daily prolonged administration. Oral ganciclovir subsequently became avail-
able but it is limited by poor gastrointestinal absorption. Systemic administration
of either ganciclovir or foscarnet is associated with significant systemic toxicities to
the bone marrow or kidneys, respectively, that may limit or even prohibit their use.

SYSTEMIC ANTI-CMV THERAPY

Ganciclovir is an acyclic nucleoside that is a cogener of acyclovir, but it is between 10
and 100 times more effective against CMV (9,60). Most isolates of CMV are inhib-
ited at dosages of 0.1–0.3 mg/mL (60). Virostatic levels can be achieved with intrave-
nous doses of 2.3–5 mg/kg (61). Ganciclovir is also active against the other members
of the herpesvirus family. The recommended intravenous dosage of ganciclovir is
5–7.5 mg/kg (3,9). Initially, during the induction phase of treatment, the drug is given
twice a day for two to three weeks. Clearing of active retinitis usually takes several
weeks. The initial response rate to intravenous ganciclovir induction varies between
80% and 100%. Maintenance intravenous ganciclovir consists of 5 mg/kg once daily,
five or seven times per week (3,9,62). If ganciclovir therapy is stopped and the patient
remains immunocompromised, reactivation usually occurs within four weeks (9).
Reactivation of CMV retinitis despite maintenance intravenous ganciclovir therapy
is also common in individuals who remain immunocompromised (2,14,62,63).
Reactivation has been attributed to low ocular drug bioavailability, progressive
decline in immune function, and development of CMV resistance to ganciclovir.
Resistance to ganciclovir has been associated with a mutation in both the UL97
and UL54 genes (64,65). Evidence indicates that ganciclovir-treated AIDS patients
with CMV retinitis live longer than those who receive no treatment (66). Despite
ganciclovir treatment, contralateral CMV retinitis may develop in up to 15% of pre-
viously unaffected eyes (18). Ganciclovir may cause bone marrow toxicity; up to 70%
of treated patients may develop some bone marrow suppression (3,62). Severe
thrombocytopenia or neutropenia can develop, leading to cessation of intravenous
therapy. The availability of hematopoietic stimulating factors has improved toler-
ance of ganciclovir in the face of bone marrow suppression.

The second intravenous agent approved for the treatment of CMV retinitis was
foscarnet. Foscarnet (trisodium phosphoformate) is a synthetic, water-soluble
pyrophosphate analogue that inhibits replication of herpesviruses in vitro (3,14). It
noncompetitively binds to the exchange site of viral DNA polymerase, thereby
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rendering it inactive. Foscarnet lacks the bone marrow toxicity of ganciclovir, allow-
ing for its concurrent use with zidovudine (AZT1). It requires extensive hydration
during intravenous therapy, and it may induce nephrotoxicity and seizures (3,67).
The foscarnet induction regimen is 60 mg/kg every 8 hours or 90 mg/kg twice daily
for two to three weeks (3,67). Induction is followed by maintenance therapy at
90–120 mg/kg daily. The efficacy of foscarnet to induce regression of retinitis and
maintain CMV inactivity closely parallels that of intravenous ganciclovir (3,68).
The Studies of the Ocular Complications of AIDS (SOCA) Research Group showed
that the two drugs appear equivalent in controlling CMV retinitis and preserving
vision (68). In general, intravenous ganciclovir appears to be better tolerated than
foscarnet for long-term therapy, although foscarnet may be associated with longer
survival than ganciclovir.

Besides their side effects, both ganciclovir and foscarnet have other disadvan-
tages. Neither is viricidal, so their use must be maintained for as long as the
affected individual remains immunosuppressed (3,62). The relapse rate during
maintenance anti-CMV therapy is high. Relapses may be controlled by reinduction
with either agent or a combination of both intravenous ganciclovir and foscarnet or
switching to a new therapeutic modality. The improved efficacy of combining intra-
venous ganciclovir and foscarnet to control relapsing retinitis is counteracted by its
potential for serious side effects and the negative impact on quality of life measures
(69). For this reason, combination therapy is reserved for severely resistant cases.
An alternative to combination intravenous therapy that is available combines place-
ment of a ganciclovir intraocular implant combined with intravenous or intravitreal
foscarnet. Both foscarnet and ganciclovir are costly and inconvenient to administer
intravenously.

Cidofovir is an antiviral nucleotide analogue with significant activity against
CMV and other herpesviruses. Cidofovir has a long intracellular half-life which allows
for a prolonged interval (2 weeks) between intravenous maintenance doses, in contrast
to daily administered intravenous ganciclovir and foscarnet (70). The efficacy of intra-
venous cidofovir has been demonstrated in AIDS patients with untreated CMV retini-
tis and with previously treated, relapsing CMV retinitis (71,72). Indirect comparisons
of clinical trial data suggest that intravenous cidofovir appears to have similar efficacy
to intravenous ganciclovir or foscarnet in delaying progression of CMV retinitis. Intra-
venous cidofovir is less invasive, more convenient due to its prolonged dosage interval
and an indwelling catheter is not required. The major treatment-limiting side effect is
potentially irreversible nephrotoxicity; thus, renal function tests, hydration, and simul-
taneous administration of probenecid are required. A relatively high rate of anterior
uveitis, up to 40%, has been reported and a small number of patients have developed
hypotony with intravenous cidofovir (73). These ocular complications were even more
prevalent with trials of intravitreal cidofovir administration and have percluded its
administration by this route (74).

Oral ganciclovir became available in the mid-1990s. It can be used as daily
maintenance therapy in patients who respond well to the initial intravenous ganciclo-
vir induction. It has poor ocular bioavailability and thus large doses in the range of
3–6 g daily are required. The median interval to progression of retinitis is less with
oral ganciclovir than intravenous form (29 vs. 49 days, respectively) (75). The risk
of developing CMV retinitis in the contralateral eye is greater with oral than with
intravenous ganciclovir. Oral ganciclovir does play a role in decreasing the risk of
fellow eye retinitis in patients with unilateral CMV retinitis who are treated with
local therapy such as the ganciclovir implant (76).
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Development of newer oral anti-CMV medications has been slowed by the
decreasing incidence of the disease. Valganciclovir (also known as Valcyte1) is a
prodrug of ganciclovir. It has excellent oral bioavailability and is the most recently
approved oral anti-CMV medication for therapy of CMV retinitis. Valganciclovir is
rapidly metabolized into ganciclovir and thus high ganciclovir blood levels are
achieved without the complications associated with chronic intravenous access and
administration. Orally administered valganciclovir appears to be as effective as intra-
venous ganciclovir or induction treatment of newly diagnosed CMV retinitis and it is
more convenient to administer. In a study comparing induction therapy with either
intravenous ganciclovir or oral valganciclovir, the median time to progression of
CMV retinitis was 125 and 160 days in the intravenous ganciclovir and the oral val-
ganciclovir groups, respectively (77). Approximately 10% of patients in either treat-
ment group progressed photographically within the first four weeks of therapy and
the frequency and severity of adverse events were similar. While there are no com-
parative trials of oral valganciclovir as a maintenance treatment, pharmacokinetic
data suggests that it is about as effective as intravenous ganciclovir. The adverse
effects of oral valganciclovir are similar to those of intravenous ganciclovir, except
that the oral route avoids the risk of local complications at the infusion site and
inconveniences of injection. Valganciclovir may produce more frequent diarrhea
and oral candidiasis than intravenous ganciclovir.

All of the systemic and intravenous treatment options for CMV retinitis are
associated with potentially serious adverse events. Selection of pharmacotherapy
should be individualized and depends on a number of factors including the CMV
lesion characteristics, patient quality of life issues and efficacy and tolerability pro-
files of available therapies. Two to three weeks of systemic therapy are required to
stabilize, and then achieve regression of CMV retinitis. While on maintenance sys-
temic therapy, patients are examined approximately every four weeks for evidence
of reactivation of CMV retinitis. Reactivation is common when the individual
remains systemically immunocompromised. If CMV retinitis reactivation occurs,
the options for further treatment include re-induction with a more frequent, higher
dose of the same agent, changing to a different intravenous anti-CMV agent, using
more than one anti-CMV intravenous agent or adding local adjunctive therapy (78).

LOCAL MODES OF INTRAOCULAR DRUG DELIVERY

Because of the potential for severe toxicity associated with systemic anti-CMV agents
and inconvenient intravenous administration that carries a risk of sepsis, new local
treatment options have been developed. These treatments represent major therapeutic
advances, and include the sustained release ganciclovir intraocular implant and intra-
vitreal injection of ganciclovir, foscarnet, or fomivirsen. These newer therapies avoid
the negative impact on quality of life associated with prolonged intravenous therapy.
While there may be associated systemic CMV infection, most patients lack extraocular
symptoms. Thus, local therapy treats the infection that requires immediate attention.
Local therapy is an attractive option as it delivers a specific concentration of anti-
CMV medication directly to the infection site. While two to three weeks are required
for stabilization and regression of CMV retinitis with intravenous therapy, local ther-
apy with the implant, or intra vitreal injections has an immediate effect by depositing a
therapeutic drug level directly to the infected retina.

Cytomegalovirus Retinitis 333



INTRAVITREAL DRUG INJECTION

Intravitreal injections of either ganciclovir or foscarnet have been used successfully
to control CMV retinitis in some patients, especially those with recurrent or refrac-
tory disease. Initial animal studies demonstrated that intravitreal injections in excess
of 400 mg of ganciclovir and 1200 mg of foscarnet were nontoxic to the retina (79,80).
The published dosages of intravitreal ganciclovir range from 200 to 2000 mg in 0.1mL
sterile normal saline. Intravitreal ganciclovir appears to control active CMV retinitis
initially in over 80% of eyes. During the induction phase, injections are given three
times per week, followed by injections given once or twice per week during long-term
maintenance therapy. Multiple injections are required due to the short intraocular
drug half-life. About 30% of immunocompromised patients will develop recurrent
disease if only treated with this regimen of intravitreal injection (81,82). As an alter-
native for CMV retinitis resistant to or poorly responsive to ganciclovir, intravitreal
foscarnet at a dose of up to 2400 mg in 0.1mL may be used to control CMV retinitis
(83). No retinal toxicity has been associated with the above doses. Rare but poten-
tially vision-threatening complications associated with the technique of intravitreal
injection include exogenous endophthalmitis, vitreous hemorrhage, and retinal
detachment. However, chronic intravitreal injections are often not well tolerated
due to the inconvenience and risk of complications with frequent injections
(61,81,82). While cidofovir for intravitreal injection may have had hypothetical
advantages due to its longer intracellular half-life requiring less frequent injections,
it has been associated with multiple serious side effects including uveitis and chronic
hypotony with permanent visual loss (73,84). For these reasons, cidofovir is not pre-
sently used for intravitreal anti-CMV therapy. A recent observational study showed
that the use of cidofovir either by an intravitreal or intravenous route was a major
risk factor for the development of IRU (85). As well, continued therapy of healed
CMV retinitis after immune recovery did not appear to protect against the develop-
ment of IRU. These authors recommended that the association of IRU and cidofovir
may preclude use of this agent.

Fomivirsen (or Vitravene1, Isis Pharmaceuticals, Inc.) is an antisense oligonu-
cleotide which inhibits replication of human CMV by binding to complementary
sequences on messenger RNA transcribed from a major transcriptional unit of the
virus (86,87). Fomivirsen is the first in a class of novel therapeutics based on the anti-
sense mechanism approved for marketing in the United States. Fomivirsen utilizes a
mechanism of action different than that of ganciclovir, foscarnet, and cidofovir.
Thus, it may be useful for treatment of CMV retinitis that is resistant to ganciclovir
or foscarnet. It is an intravitreal injection administered as an alternative therapy for
CMV retinitis in AIDS. It is specifically recommended for individuals who are intol-
erant of or have a contraindication to other treatments for CMV retinitis or who
were insufficiently responsive to previous CMV retinitis treatments. It has a longer
intravitreal elimination half-life than either ganciclovir or foscarnet. Induction and
maintenance schedules are required as with the other anti-CMV therapies and differ-
ent regimens have been studied (88). Fomivirsen at a dose of 165 mg was injected
weekly for three doses as induction therapy, followed by injection every other week
as maintenance therapy in a randomized clinical trial for treatment of newly diag-
nosed peripheral CMV retinitis (89). The median time to first progression of disease
for the formivirsen-treated group was 71 days compared to 13 days in the deferral of
anti-CMV treatment group. Eventual progression occurred in 44% of patients in the
formivirsen treatment group during the study. The study concluded that formivirsen
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was an effective treatment for CMV retinitis in patients with AIDS. Common side
effects include increased intraocular pressure and mild to moderate uveitis, which
occurs in up to one-quarter of treated individuals and is generally transient and
reversible with topical steroid drops (90). Pigmentary bull’s eye maculopathy has
been reported that was reversible with discontinuation of therapy (91,92). Electro-
physiological abnormalities have also been reported (93). It is recommended
that intravitreal fomivirsen should not be administered within two to four weeks
of cidofovir treatment due to an increased risk of intraocular inflammation.

THE GANCICLOVIR INTRAOCULAR IMPLANT

The ganciclovir intraocular implant (commercially available as Vitrasert1 from
Bausch & Lomb, Rochester, New York, U.S.A.) is a nonerodible device that delivers
this drug in a sustained release fashion directly to the posterior segment (94,95). Stu-
dies have demonstrated that it is extremely well tolerated and effective to halt activity
and delay further progression of CMV retinitis (96–98). In fact, it has the highest effi-
cacy of all of the approved agents used to treat CMV retinitis. The implant consists
of a compressed ganciclovir pellet covered by a semipermeable membrane (Fig. 1).
The membrane is comprised of polyvinyl alcohol and ethylene vinyl acetate, which
are permeable and impermeable, respectively, to ganciclovir. This device permits
slow continuous diffusion of ganciclovir from the implant into the vitreous cavity.
The intraocular ganciclovir level produced by the implant (mean 4.1 mg/mL) is
higher than can be attained with intravenous administration (mean 0.93 mg/mL).
The implant contains approximately 5mg of drug that is released at a rate of
1.5 mg/hr. The ganciclovir intraocular implant typically has a therapeutic effect
releasing drug of approximately six to eight months (99). It is placed surgically into
the vitreous cavity through a pars plana incision where it releases ganciclovir linearly
in a time-release fashion.

Figure 1 (See color insert) The ganciclovir implant. Note the yellow pellet of ganciclovir on
the left and the strut which is secured to the sclera to the right.
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The surgical technique has been described in detail elsewhere but there are
some key points to be considered (100). First, it is prudent to prepare the implant
before an ocular incision is started, to ensure that the implant is not damaged before
implantation. The implant is usually placed inferiorly or inferotemporally through a
5.5–6mm pars plana incision (Fig. 2). This location also produces a better cosmetic
effect as the lower lid hides the incision site. The inferior location also maximizes the
ability of the implant to release the drug into an inferior aqueous humor meniscus if
silicone oil tamponade for CMV-related retinal detachment repair is required in the
future in these eyes predisposed to develop complicated retinal detachments (Fig. 3).
The sclerotomy should be inspected to ensure that the pars plana has been comple-
tely incised before implant insertion to avoid accidental suprachoroidal placement.
Removal of prolapsed vitreous with a cutter at the incision should be performed.
The implant should only be grasped at the strut and not by the drug pellet and its
position should be confirmed in the vitreous cavity before securing its position to
the sclera. It is anchored in the incision with a double armed 8.0 nylon suture and
the strut should not protrude in the incision. Careful watertight closure of the sclera
incision with crossed sutures and re-establishment of the intraocular pressure are
performed at the end of surgery.

The effectiveness and safety of the ganciclovir implant device have been verified
by multiple clinical trials. In a randomized clinical trial comparing the ganciclovir
implant to intravenous ganciclovir, the median time to progression of retinitis was
221 days versus 71 days in implant and intravenous treated patients, respectively
(98). The median time to retinitis progression exceeded one year when the implant
was combined with oral ganciclovir, and this greatly exceeds the efficacy of any other

Figure 2 (See color insert) The scleral incision to place the implant into the vitreous is at the
pars plana. Note the crossed suture securing the incision below the conjunctiva.
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therapeutic modalities for CMV retinitis (76). Overall, the implant offers the longest
median time of control of retinitis reported to date when comparedwith other therapies.
While the time to progression of CMV retinitis was significantly longer after treatment
with the ganciclovir implant than with intravenous ganciclovir therapy, there may be a
higher rate of contralateral eye retinitis and systemic CMV disease in immunocompro-
mised individuals when the implant alone is used (98). For this reason, the implant is
usually combined with oral ganciclovir to reduce the risk of contralateral CMV retinitis
and extraocular CMV infection especially if immune compromise persists or until the
immune status recovers with HAART. This combination of ganciclovir in oral and
implant forms has also been shown to prolong the time to progression of retinitis and
reduce the risk of developing Kaposi sarcoma (101).

The ganciclovir implant has released patients from the inconvenience of daily
prolonged intravenous infusions. Other advantages of the implant include less fre-
quent ocular manipulation than with intravitreal injection and a constant steady rate
of drug release into the vitreous. This intraocular ganciclovir implant, as seen in Fig-
ure 1, was approved by the Food and Drug Administration (FDA) in 1996, and it
has subsequently become widely used for treatment of CMV retinitis (94,95). The
ganciclovir implant has been used to treat primary, recurrent, and bilateral CMV
retinitis (bilateral implants are placed for bilateral disease). It has also been effective
in eyes with silicone oil tamponade for CMV-related retinal detachment (102–104).
Clinical management of CMV retinitis with an associated retinal detachment often
involves concurrent use of silicone oil and a ganciclovir implant (Fig. 4A and B).
Ganciclovir is water-soluble and would not be expected to partition within the
silicone oil. In most retinal reattachment procedures only 80–90% of the posterior

Figure 3 The ganciclovir intravitreal implant is noted behind the lens and iris in the infer-
otemporal quadrant.

Cytomegalovirus Retinitis 337



segment is filled with silicone oil and there is an inferior layer of aqueous humor
where the inferiorly placed implant may release ganciclovir (Fig. 5). Effective ganci-
clovir levels are maintained in the aqueous phase of the vitreous cavity of silicone oil-
filled eyes. In fact, ganciclovir levels may be maintained longer in silicone-filled eyes
than in those without, supporting combined use of ganciclovir implants with silicone
oil tamponade. Additional silicone oil re-infusion may be required if some of the
silicone oil volume is lost externally during implant exchange.

Figure 4 (A) The reflection of silicone oil is noted in the posterior pole in. (A, B) Silicone oil
tamponade was used for CMV-related retinal detachment repair and a ganciclovir implant
was used to treat active CMV retinitis. The object noted inferotemporally is the ganciclovir
implant as visualized when the camera is focused posteriorly on the retina. Abbreviation:
CMV, cytomegalovirus.
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INDICATIONS FOR THE GANCICLOVIR IMPLANT

The implant releases the drug over six to eight months, after which time the device is
depleted of medication and replacement may be considered. The implant was devel-
oped at a time when median survival after diagnosis of CMV retinitis was appro-
ximately 12 months, lifelong anti-CMV therapy was required and HAART was
not readily available. With the introduction of HAART, which can improve imm-
une function in AIDS, long-term anti-CMV therapy may not be necessary if immune
function recovers. As well, the beneficial effect of HAART on immunologic status
and survival in HIV has altered the incidence of primary and relapsing CMV retini-
tis. Thus, the indications for the ganciclovir implant have been modified as the clin-
ical course and management of CMV retinitis has changed with HAART therapy.
Davis and colleagues reported that the use of HAART was associated with improved
outcomes in individuals with AIDS and recurrent CMV retinitis who had been trea-
ted with the ganciclovir implant (105). In 1999, a panel of physicians with expertise
in management of CMV retinitis and use of the ganciclovir implant was convened by
the International AIDS Society—U.S.A. to clarify the risks, benefits and provide
recommendations for utilization and replacement of the ganciclovir implant for
treatment of AIDS-related CMV retinitis in the HAART era (100). The panel recom-
mended that selection of therapy for CMV retinitis should be individualized depen-
ding on multiple factors including the patients’ antiretroviral history, the potential
for immune improvement, CD4þ count, plasma HIV RNA level, lifestyle choices,
compliance, living conditions, and the location of CMV retinitis. The implant can
be used for CMV retinitis in any zone but it is particularly useful in zone 1 disease
to provide the most rapid effective intraocular drug dose to infected retina.

There are multiple advantages offered by the implant including the longest
length of effective control of CMV retinitis compared to the other therapies, lack

Figure 5 (See color insert) The ganciclovir implant is noted in the inferior aqueous layer in a
silicone oil–filled eye. The silicone oil meniscus is noted above the implant.

Cytomegalovirus Retinitis 339



of systemic toxicity, improved quality of life issues, and lack of necessity for intrave-
nous access. Disadvantages include the surgical discomfort, potential transient
decrease in visual acuity, and risk of postoperative complications. In patients who
remain chronically immunocompromised and are treated with local implant therapy,
systemic anti-CMV therapy in the form of oral ganciclovir or Valganciclovir is
recommended to avoid CMV infection in the fellow eye as well as symptomatic
extraocular CMV disease (76).

Use of the ganciclovir implant and eventual discontinuation of systemic ther-
apy may be possible in selected patients with improved immunity due to HAART
and this approach may result in better long-term visual outcomes (100,106,107).
In patients who have not yet received HAART when the CMV retinitis is treated
with an implant, systemic therapy for CMV is indicated until the CD4þ count has
stabilized appropriately at an elevated level. In patients who develop their initial epi-
sode of CMV retinitis while undergoing HAART therapy, this is a sign of progres-
sive immune dysfunction and reassessment of the antiretroviral therapy is indicated.
Use of the implant may be especially useful in these patients who are undergoing
readjustment of HAART or who have failed HAART as longer term CMV control
can be provided by the implant.

Relapsed CMV retinitis while undergoing HAART may be a sign of progres-
sive immune dysfunction and requires reassessment of HAART and other medica-
tions. Individuals treated with HAART may experience reactivation of CMV
retinitis when their CD4 count decreases (108). The threshold CD4 count below
which reactivation of CMV retinitis occurred in patients for whom HAART was
not successful is approximately 50 cells/mm3. Thus, despite an initial response to
HAART, there is a risk for CMV retinitis reactivation when the CD4 count
decreases below 50 cells/mm3. The HIV viral load does not appear to predict
CMV reactivation.

Other causes of CMV retinitis relapse include development of antiviral medica-
tion resistance and inadequate intraocular drug levels. The implant is effective for
relapsed retinitis and should be considered especially if immune improvement is unli-
kely. However previous exposure to intravenous or oral ganciclovir reduces the
probability that the implant will be as effective as it is in individuals who have never
had systemic ganciclovir exposure (109). If the implant appears ineffective, intrave-
nous or intravitreal foscarnet may be added. A therapeutic trial of intravitreal gan-
ciclovir may be considered before implant placement to assess for the possibility of
ganciclovir viral resistance, although the dose and frequency of intravitreal ganciclo-
vir injection to stimulate the concentration and drug release of the implant are not
known. Other options for relapsed CMV retinitis include reinduction with the same
or another systemic intravenous agent or combination therapy. When relapse has
occurred, the interval between subsequent relapses continues to shorten with contin-
ued intravenous therapy.

Each eye should be considered independently in individuals with bilateral dis-
ease. Simultaneous implant surgery is not usually indicated although only a few days
are required between operating on each eye.

REPLACEMENT OF THE GANCICLOVIR IMPLANT

The primary reason for CMV relapse in an eye treated initially with a ganciclovir
implant is drug depletion from the device, which typically occurs by six to eight
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months after placement (110,111). The device can be replaced with a second implant
when it is depleted of drug for continued CMV control. Some clinicians prefer to
observe for early signs recurrent CMV activity before replacement while in other
situations, preemptive replacement of the implant may be preferable (99). The clin-
ical situation including the immune status and access and response to HAART
should be considered when evaluating whether to replace the implant when it is
depleted or to observe for reactivation (100). In general, preemptive replacement
should be considered in patients with persistent immunocompromise especially if
the CMV retinitis is located in zone 1. The empty implant may be removed and
exchanged for a new one through the same incision site or it may be placed in a
new incision site leaving the initial implant in situ. There have been reported cases
with multiple implants remaining in situ in a single eye.

COMPLICATIONS OF THE GANCICLOVIR IMPLANT

Complications associated with the ganciclovir intraocular implant are uncommon, but
these should be discussed with a surgical candidate preoperatively. Complications may
be related to the surgical procedure, the implant device or the medication contained
within the implant. Patients with AIDS and CMV retinitis may be at increased risk
for various intraocular complications independent of the mode of therapy. In some
instances, it may be difficult to discern whether the negative event is related to the
implant, the underlying CMV retinitis disease process or to other systemic therapy.
For example, retinal detachment has been described after ganciclovir implantation sur-
gery but this is a common event to occur in these predisposed eyes with necrotic retina
secondary to CMV retinitis irrespective of the implantation surgery (112). Cystoid
macular edema has been described after ganciclovir implant but is also a feature of
IRU secondary to HAART and has been reported secondary to systemic cidofovir
use. Thus, the complication rates should be considered for other types of systemic ther-
apy and for the natural course of the disease as well as for the ganciclovir implant.

Endophthalmitis is fortunately a rare but potentially visually devastating com-
plication. The largest series from 30 clinical practices identified 24 cases from 5185
ganciclovir implant procedures (0.46%) (113). This rate is higher than that reported
after cataract surgery, 0.072%, and after vitrectomy, 0.01%, although the procedures
are completely unrelated and not comparable (114). This rate of implant-associated
endophthalmitis is much less than early hypothesized rates of infection. The initial
concerns about increased rates of infection related to placement of a foreign device
intravitreally in immunocompromised individuals have not been substantiated.
However, the rate of simultaneous or subsequent retinal detachment after
implant-related endophthalmitis was over 50% in these already compromised eyes.
Late onset endophthalmitis occurring more than 30 days after implant surgery has
been associated with wound problems such as implant strut or suture exposure. In
the cases with a wound abnormality or with non-clearing intraocular infection
despite intravitreal antibiotic therapy, implant removal may be warranted.

Some other uncommon complications include macular edema, vitreous hemor-
rhage, hypotony, cataract (Fig. 6), temporary reduced vision secondary to astigma-
tism, implant malposition, and retinal detachment, which is more likely if the CMV
infection involves over 25% of the retina (100). Lim and colleagues evaluated a series
of 110 ganciclovir implant procedures and noted posterior segment complications in
12% (111). Some of these eyes had undergone multiple prior implant procedures and
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this series was compiled before the use of HAART, which may have affected the
overall complication rate. A rare complication is separation of the ganciclovir med-
ication pellet from the suture strut upon its removal (115). To minimize the chance
of this complication, care should be taken to open adequately the scleral incision, to
grasp the anterior scleral lip, and to handle the suture strut rather than the pellet
during implant removal.

There are some relative contraindications to use of the ganciclovir implant. The
risk of using the implant in an individual with limited life expectancy should be care-
fully considered, although the immune status can be markedly improved with
HAART. Other relative contraindications include implantation when there is an
ocular surface infection or systemic coagulopathy. Extraocular ganciclovir resistant
viral strains may be a relative contraindication, although more than one strain of
CMV can infect an individual and the resistant isolate from the blood or extraocular
tissue may not reflect the CMV strain in the eye (116).

SUMMARY

The introduction of HAART has notably changed the incidence, features, and course
of CMV retinitis in AIDS. This therapy has altered the treatment of CMV retinitis as
well as the indications for the ganciclovir implant. Factors that play a role in thera-
peutic management and utilization of the ganciclovir implant include the potential for
immune improvement, location, severity, and laterality of CMV retinitis, coexisting
retinal detachment, risks of implantation, and the costs of ganciclovir implant with
oral ganciclovir. Local intraocular treatments as alternatives to systemic medications
have been a significant advance in management of CMV retinitis. Local ocular ther-
apy has proven effective and provides significant advantages over systemic therapy

Figure 6 A small nonvisually significant lens opacity is noted in the region of the ganciclovir
implant.
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with regards to control of retinitis, prevention of progression, and avoidance of
systemic bone marrow and renal toxicity. Disadvantages of local therapy include
the risk of CMV retinitis in the contralateral eye and the lack of protection against
systemic extraocular CMV infection, although this appears to be less of an issue with
concomitant oral anti-CMV therapy. The ganciclovir intraocular implant is extremely
effective therapy for primary and relapsed CMV retinitis and should be considered
especially for zone 1 disease and also if immune improvement is unlikely. Prior to
HAART, lifelong anti-CMV therapy was required to prevent progression of CMV
retinal disease and subsequent loss of vision in AIDS. The beneficial effect of
HAART on the immunologic status of some patients has made the role of mainte-
nance anti-CMV treatment less clear. Maintenance anti-CMVmedications have been
safely stopped in some small series of AIDS patients with stable inactive CMV reti-
nitis and elevated CD4þ cell counts (greater than100 cells/mL) without reactivation
of CMV retinitis (26,90,91). Thus immune recovery following potent HAART may
be effective to control the major opportunistic infection of CMV retinitis, even in
patients with a history of previous severe immunosuppression. Patients may be at risk
for reactivation of CMV retinitis despite initial favorable response to HAART if their
CD4 lymphocyte count falls below 50 cells/mm3 (92). The use of HAART has led to a
new entity, IRU. Lifelong continued ophthalmologic evaluation is required to ensure
that this infection remains quiescent and does not produce further visual loss.
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OVERVIEW

Endophthalmitis is an uncommon, but perhaps the most feared complication of
ocular surgery. Endophthalmitis is defined as a microbial infection involving the
vitreous cavity: organisms are often isolated from anterior chamber as well. Retinal,
choroidal, and scleral invasion can also occur. Most cases of endophthalmitis occur
after elective ocular surgery. In the first six weeks after operation, endophthalmitis is
caused by microbes introduced into the eye during the time of the surgery or in the
immediate postoperative period before the wound is securely sealed. Delayed onset
or chronic endophthalmitis can occur as the result of slow-growing bacteria such as
Propionibacterium acnes. Occasionally, bacterial endophthalmitis has a late onset
and some delayed cases are caused by fungi. The second most common cause of
endophthalmitis is penetrating ocular trauma, while infected filtering blebs constitute
a less common but clinically significant presentation. The least common form of
endophthalmitis is the endogenous type. These infections may be either bacterial
or fungal, originating from an infection elsewhere in the body transmitted to the
eye by hematogenous route.

PRESENTATION

The typical presenting complaints of endophthalmitis are pain, decreased vision, and
conjunctival hyperemia (1). The earliest findings are periphlebitis accompanied by
anterior chamber reaction and vitreous cellular debris (2). In the typical case, the
vitreous is too opaque to view retinal detail. Hypopyon is considered the hallmark
of an infection although severe sterile inflammation may cause hypopyon in some
instances. Wound abnormalities are commonly noted in endophthalmitis cases.
Lid edema is a frequent finding.

PREDISPOSING FACTORS

Predisposing factors in postoperative cases are related both to preoperative patient
factors and operative complications. External infections including blepharitis and
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lacrimal sac infection predispose patients to postoperative endophthalmitis. Diabetics
and immunocompromised patients are more likely to develop postoperative infec-
tions (3). Capsular rupture during phacoemulsification, vitreous loss, and wound
complications are all thought to predispose patients to postoperative infection (3).

In traumatic globe injury, the incidence of infection depends on the type of
trauma. City dwellers rarely develop endophthalmitis because of the nature of their
injuries in this group, infections occur in only 1% to 2% of eyes following trauma.
Intraocular foreign bodies become infected in 11% to 17% of the reported cases
(4,5). Endophthalmitis following trauma that occurs in a rural setting may complicate
as many as 30% of penetrating ocular injuries (6).

BACTERIAL SPECTRUM

The bacterial spectrum of the infections depends of the origin of the infection. Post-
operative endophthalmitis results almost uniformly from the patient’s flora inadver-
tently introduced into the eye (7). The incidence of positive anterior chamber
cultures obtained at the end of cataract surgery has been reported to be as high as
22% to 43% but only a small minority of patients actually become infected (8).
Gram-positive coagulase negative-micrococci account for about 70% of the culture-
positive cases of postoperative endophthalmitis. Staphylococcus and streptococcus are
less common organisms while gram-negative infections occur infrequently; for example,
gram-negative organisms accounted for only 6% of cases in the Endophthalmitis Vitrec-
tomy Study (EVS) patients (1). Approximately one-third of patients with postoperative
endophthalmitis have negative cultures. In some of these cases, polymerase chain reac-
tion (PCR) indicates that bacteria were present but cannot be cultured from the material
obtained at vitreous biopsy (1,9).

In cases of ocular trauma, Bacillus species are the most common cause of post-
operative infection, particularly in a rural setting (6,10–12). Staphylococcal organ-
isms are the next most common while gram-negative infections have an increased
likelihood by comparison to postoperative cases. Mixed infections involving multiple
bacteria are also more common than after elective surgery (5,6,13).

Bleb-related endophthalmitis is caused by streptococcal infection approxi-
mately half of the time and Hemophilus influenza is seen more commonly than after
postcataract infections (14,15). The cause of endogenous endophthalmitis depends
on the population studied. Staphylococcus and Streptococcus are frequent bacterial
causes. Candida septicemia is frequently found in hospitalized patients.

ANTIMICROBIAL THERAPY

History

Leopold and Scheie (16,17) first introduced intravitreal antimicrobial therapy for
treatment of endophthalmitis shortly after the development of antibiotics, but intra-
ocular antibiotics did not gain favor for treatment of endophthalmitis for several
decades. Up until the 1970s intravenous antimicrobials, frequent topical drops,
and subconjunctival injections were the favored routes of antimicrobial delivery.
Intravenous antimicrobial treatment was demonstrated to be effective in some cases
of Staphylococcus epidermidis endophthalmitis, but effectiveness of intravenous ther-
apy has not been demonstrated in randomized clinical trials (18).

350 Meredith



In the late 1970s and early 1980s, Peyman and Baum et al. (19,20) popularized
the use of intraocular antibiotics and this route of administration became the main-
stay of therapy for intraocular infection. Intraocular antimicrobials are now given in
essentially all cases of endophthalmitis; some patients are also treated with vitrectomy.
In the EVS, all patients received intraocular antibiotics but only half the patients
received systemic therapy. Systemic antimicrobials did not improve prognosis in the
EVS, but amikacin, which has poor intraocular penetration, was used for gram-posi-
tive coverage in the study (1).

Choice of Intravitreal Antimicrobial

The choice of antimicrobials for intravitreal injection is guided by several factors:
(i) Since the organism causing infection is unknown at the time when the antimicro-
bial injection is done, both gram-positive and gram-negative coverage is necessary.
Thus, it is generally necessary to give injections of two different antibiotics to assure
coverage of the potential pathogens. (ii) The therapeutic window is considered par-
ticularly with regard to the potential for ocular toxicity (see Chapter 6). (iii) The
duration of antimicrobial effect plays a role in choice of antibiotic since some agents
such as ciprofloxacin have a very short half-life.

Intravenous Antimicrobials

The role of intravenous or oral antimicrobials in the prophylaxis and treatment of
endophthalmitis remains controversial. In the EVS, amikacin and ceftazidime were
administered in half of the cases but did not result in better visual outcomes compared
to cases treated without intravenous antimicrobials (1). Since the aminoglycosides
have very poor penetration into the vitreous after intravenous administration and
ceftazidime has poor gram-positive coverage, this result is not surprising (21–26).
Better penetration into the vitreous cavity is a characteristic of some of the fluoroqui-
nolones, especially gatifloxacin and some of the beta-lactam antimicrobials (27–34).
Inflammation, trauma, or prior surgery all increase the likelihood of penetration to
levels above the minimum inhibitory concentration (MIC) of the relevant organisms,
so that even vancomycin administrated intravenously can reach potentially thera-
peutic levels in infected eyes (35,36). Clinical studies have demonstrated that intrave-
nously administered ceftazidime can modulate experimental Pseudomonas infections,
and that intravenous cefazolin is effective in treatment of experimental traumatic
endophthalmitis (29,37). Intravenous antimicrobials may be effective in endogenous
endophthalmitis in which there is a presumed site of infection or entry into the eye in
the uvea or immediately adjacent to it.

Sterilization of the Vitreous Cavity

The goal of antimicrobial therapy is sterilization of the vitreous cavity and cure of the
intraocular infection. Clinical results show good treatment responses for some species
of bacteria. In the EVS and in studies by Omerod et al. (38), gram-positive, coagulase-
negative micrococci had a good clinical outcome from intravitreal therapy (39,40).
Gram-positive coagulase-negative staphylococci are easy to eradicate in experimental
models, and in fact, some strains have been demonstrated to die spontaneously after
injection into the vitreous cavity (41,42). In other species, the visual results were not as
good, and when reculture was done in some eyes persistent infection was documented.
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In the EVS, a second culture was positive in eyes infected initially with gram-positive,
coagulase-negative micrococci (20%), Staphylococcus aureus and Streptococcus
(47%), and gram-negative organisms (62%) (1,43). Shaarawy et al. (44) also demon-
strated persistent infection from a variety of organisms after appropriate intravitreal
antimicrobials were injected.

Single injections of antimicrobials do not completely sterilize the vitreous
cavity in a variety of animal models. For example, in several studies in which
S. aureus was the infecting organism, single injections were not effective in sterilizing
the vitreous cavity (45–47). In a second study, a significant percentage of infected
eyes had persistent positive cultures after injection of appropriate antimicrobials
(48). Streptococci and Enterococcus persist in the vitreous cavity despite intravitreal
antimicrobial injection (45). Failure of ciprofloxacin therapy when bacteria were
injected into the eye 18 or 24 hours prior to treatment was demonstrated by Kim
et al. (49) in models of Pseudomonas infection. Perhaps most surprising was a study
to show that antimicrobials affected the growth of Pseudomonas aeruginosa in the
vitreous cavity as a time-dependent phenomenon (50). In this study, early treatment
successfully eradicated the bacteria but treatment was ineffective when instituted
48 hours or later after the bacterial infection was established.

Reinjection Strategies

Because single injections of antimicrobials may not be effective, toxicity studies after
reinjection have been investigated. In one study, injection of vancomycin and cefta-
zadime was followed 48 hours later with injection of one or the other drug, reasoning
that by that time culture results would be available and it would be not necessary to
cover for only gram-positive or gram-negative organisms in most cases. Significant
toxicity was not noted after a second injection although a third injection another
48 hours later did create mild signs of toxicity (51). In a separate study, when eyes
were reinjected with both antibiotics most demonstrated retinal toxic reactions that
worsened with a third injection was performed (52).

INJECTION OF INTRAOCULAR CORTICOSTEROIDS

Injection of corticosteroids into the eye at the time of endophthalmitis therapy simul-
taneously with the injection of antimicrobials has been advocated. Corticosteroids
administered by other routes have been demonstrated in numerous studies to
improve the outcome of antimicrobial treatment of intraocular infection. Each
patient in the EVS received prednisone 30mg twice a day (1). Animal models consis-
tently demonstrated improved inflammatory scores without interfering with the abil-
ity of the antimicrobial to sterilize the vitreous cavity. However, in an animal model
negative as well as positive effects have been noted in studies of intraocular injection
(48,51,53).

Several human studies have attempted to analyze the outcome of intraocular
dexamethasone injection along with intraocular antimicrobials. In a small rando-
mized study by Das et al. (54), an early beneficial effect on inflammatory scores
was noted when patients were treated with vitrectomy and intraocular antibiotics
and intraocular corticosteroids. No significant influence could be demonstrated on
visual outcome 12 weeks after therapy (54). Others have attempted to analyze the
effect of intraocular corticosteroids on the outcome in retrospective reviews. While
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animal studies have suggested a benefit in one human study those eyes treated with
the intraocular corticosteroids actually had a worse outcome than those without (55).

PROGNOSIS

The outcome of infectious endophthalmitis treatment depends on multiple factors,
most notably on the infecting organism. In the EVS, slightly more than half of the
eyes achieved 20/40 vision and three quarters were 20/100 or better (1). Infections
with gram-positive, coagulase-negative micrococci have a relatively good prognosis;
50% of eyes have 20/40 vision after treatment (1). In the EVS, treatment of infection
caused by other organisms produced good visual acuity less commonly. While 84%
of eyes with gram-positive, coagulase-negative micrococci achieved 20/100 vision or
better, only 30% of eyes with streptococcal infection and 14% of eyes with entero-
coccal infections attained this level. Approximately one half of the eyes with
S. aureus infections and gram-negative infections were 20/100 or better (1,38). Eyes
with streptococcal infections have also been shown to have a poor outcome in other
series (56). These data help explain the poor treatment results in bleb related infec-
tions which are most often caused by Streptococcus (15,57).

In traumatic endophthalmitis, both the effects of the injury and the damage
added by the infection contribute to the visual outcome. Generally, few patients
recover useful vision and most see less than 20/400 (4,5). Many of these infections
are caused by Bacillus for which successful treatment is rare (6,10–12). The onset
of Bacillus infection is explosive, often destroying the eye within 12 hours. Endogen-
ous endophthalmitis may have a good outcome when it is mild and linked to success-
fully treated systemic septicemia. Diagnosis is often delayed, however, and the
resulting infections can be severe and cause significant visual loss.

SUMMARY

Injection of intraocular antibiotics is the mainstay of endophthalmitis therapy.
High concentrations of the drug are achieved by intraocular injection and therapeutic
outcomes are favorable following infection by less virulent bacteria such as gram-
positive, coagulase-negative micrococci. Despite the ability to sterilize the vitreous
cavity in many infections, bacteria persist in others even after treatment. Outcomes
are often poor in cases such as those caused by Streptococcus and especially those
attributable to Bacillus infections. Intravenous antibiotics are capable of eradicating
mild intraocular infections but their additive effect to intraocular injections has not
been demonstrated. Corticosteroids are thought to be beneficial in the treatment of
endophthalmitis, although the superiority of intraocular corticosteroid injections
over other forms of therapy has not been demonstrated, and potential harm has been
noted in clinical and animal studies.
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Adenosine triphosphate (ATP), 296
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AMD. See Age-related macular
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Amyotrophic lateral sclerosis, 112
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Biodegradable dexamethasone device,
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age-related macular degeneration, 29
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Blood–eye barrier, 9–10, 13, 15
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Charge-coupled device, 146
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CNTF. See Ciliary neurotrophic factor.
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Corneal barrier, 72
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Corticosteroids, intraocular injection of,

350–353
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Cyclosporin A (CsA), 210, 212, 275–276
Cyclosporine device nondegradable, 276
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340, 343
clinical presentation of, 325
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treatment of, 330–329
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Daunorubicin hydrochloride, 285
Degenerating retina, 116, 117
Desmosomes, 27
Dexamethasone, 87, 352
and heparin, 286

[Dexamethasone]
implant (Posurdex1),

176, 295–296
Dexamethasone device biodegradable,

266–271
Dexamethasone device nondegradable, 271
Dextran, 194–196
Diabetes, 29, 30, 32, 33, 34, 291
Diabetic macular edema (DME), 291

treatment of, 292
Diabetic retinopathy, 14, 19, 27, 73, 77–79,
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macular edema or ischemia, 71
vitreoretinal traction, 71
vitreous hemorrhage, 71
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Differential vitreous fluorophotometry
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Dipalmitoylphosphatidylglycerol
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methoxypolyethyleneglycol 2000
(DSPE-MPEG), 145

Dose/response relationship, 232, 257
Drug

clearance, 13–14
development, 60–62, 64, 67
effectiveness, evidence of, 59
elimination mechanisms, 12–14
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creams, 5–6
gels, 5–6
ointments, 5–6

injection of, 334–335
retrobulbar, 9–11
subconjunctival, 9–10
subtenon, 9

Drug delivery, 1, 5, 8, 16, 66, 97
intraocular,
local modes of, 333
regulatory issues specific to, 66–67

intrascleral implant, 177–176
scleral plug, 175–176, 179

Drug–device combination products, 67

Early treatment diabetic retinopathy study
(ETDRS), 292–293

Edema macular, 29
Edema lid, 349
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Electroretinography (ERG), 74, 101,
206, 276

Elimination half-life, 85
Embryo–fetal development study, 63
Encapsulated cell technology (ECT),

111, 118, 129, 157, 161
Endophthalmitis, 10, 11–12, 15, 48,

332, 341
bleb-related, 348
causes of, 349–348
definition of, 349
management of, 14
occurrence, 349
presentation of, 349
treatment outcome, 353

Endothelial cells, 27–29, 33
Enzyme-linked immunosorbent assay, 119
Epstein–Barr virus (EBV), 325
Equine recurrent uveitis (ERU), 205
Eyetech clinical trials, 73

Fiber matrix, 195
Fibroblast growth factor, 29
Fick’s law of diffusion, 206
FK506, 45
Fluocinolone acetonide device

nondegradable, 271–275
Fluorescein, 12–14, 104
Fluorescein angiography, 227, 234, 250,

299, 309
5-Fluorouracil (5-FU), 17, 283, 285
Fluoroquinolones, 92
Fomivirsen, 333–335
Food Drug and Cosmetic Act

(FD&C Act), 59
Foscarnet, 329–334, 340
Free radicals, 43, 45–46
Fundus, quadrants of, 299

G protein-coupled P2Y, 97
Ganciclovir, 15, 175
intraocular implant, 335–338
complications of, 341–342
indications for, 339–340
replacement of, 340–341

intravenous administration, 335
Gene gun, 157, 160
Gene therapy
proof-of-principle, 161, 165
vector system, 157, 160–161, 165

Gene-deletion experiments, 32

Genetech clinical trials, 73
Genotoxicity tests, 62
Gentamicin, 10–13, 15, 88–92
Glaucoma neovascular, 71
Glaucoma

neovascular, 118
neurodegeneration, 118

Glia, 29
Glucocorticoids, 27, 33, 34
Glucocorticosteroids, 16
Glutamate, 28
Glutamate overstimulation, 42–43
Glutamate receptor antagonists

memantine, 43
MK-801, 42–43

Glutamate receptors, NMDA-type, 42
Glutathione reductase and catalase, 45
Gram-negative bacilli, 92
Gram-positive coagulase negative-

micrococci, 348
Greatest linear diameter (GLD), 254
Green fluorescent protein (GFP), 115, 160,

162
Grid photocoagulation, 303–304, 306
Growth factor, 157, 165

basic fibroblast, 164
glial-derived, 164
insulin-like, 1, 29

Half-life elimination, 85
Hamilton syringe, 100
Hematoporphyrin, 130
Hemifacial microsomia, 116
Hemodilution, 311, 312, 315
Hemophilus influenza, 348
Hemorrhages intraretinal, 90
Hemorrhage subretinal, 99
Heparin, 5-fluorouracil and, 285–286
Hepatocyte growth factor, 32, 33
Herpes simplex virus (HSV), 325
Highly active antiretroviral therapy

(HAART), 325
High-performance liquid chromatography

(HPLC), 183
Holangiotic retina, 90
Hollow fiber membrane (HFM), 112
Horseradish peroxidase (HRP), 13, 27
Human cytomegalovirus (HCMV), 180
Human immunodeficiency virus (HIV),

324
Hybridization in situ, 29
Hydrogels, 5–6

Index 359



Hydrocortisone radiolabeled, 10
Hydrophobicity, 130
Hypopyon, 349

Immune recovery uveitis (IRU), 329
Immunocompromised individuals, 325,

325–328, 341
Immunoglobulin, 179
Immunosuppression, 325–327, 330
Implantation, intraocular, 120
Indocyanine green (ICG), 150
Infections intraocular, 85
Infection microbial, 349
Inflammation intraocular, 266–269, 275
Injections periocular, 9
Insulin-like growth factor 1, 29
Interferon alpha, 250
Interferon gamma, 292
Interleukin, 292
Interleukin-2 (IL-2), 205
International Conference on Harmonization

(ICH), 59
Intracellular adhesion molecule-1

(ICAM-1), 197
Intraocular corticosteroids, injection of,

350–353
Intraocular infections, 85
Intraocular inflammation, 266–269, 275
Intraocular pressure (IOP), 250, 294
Intraocular proliferation, 77–78, 82
Intraocular surgery, 85
Intraretinal hemorrhages, 90
Intravitreal injection, 71, 74, 77–78, 87
animal studies, 334
of antimicrobials, 85
technique for, 72–73

Intravitreal systems, 11
Intravitreous injection, 97, 98, 101, 106
Investigational device exemption (IDE), 68
Investigational new drug (IND), 60
Ionotropic receptors, 42
Iontophoresis, 9
Ischemic retinopathies, 45

Lamina cribrosa, 304, 309, 312
Large unilamellar vesicles (LUVs), 12
Laser delivery, instrumentation for, 146–147
Laser-targeted angiography (LTA), 150
Laser-targeted delivery (LTD), 143
Laser-targeted drug delivery, 144
Laser-targeted photo-occlusion (LTO), 147
Lesion size, 231, 237, 240

Leukostasis, 29
Lid edema, 349
Light-targeted drug delivery, safety of,

152–153
Liposomes, 6–7, 11–12, 17, 145, 153

preparation, 145
Low-density lipoprotein, 136
Low-molecular-weight heparin

(LMWH), 285
Lucentis, 258
Lutetium texaphyrin, 136

Macular edema, 29, 71, 77–79, 301,
305, 315

natural history of, 301, 303–304
Major histocompatibility complex

(MHC), 293
Metabolites radiolabeled, 106–107
Metabotropic receptors, 42
Microaneurysms, 291–292
Microbial infection, 349
Microelectromechanical system, 221
Microsomia hemifacial, 116
Microspheres, 6, 12, 17
Middle cerebral artery occlusion, 45
Midvitreal cavity, 97
Minimum inhibitory concentration (MIC), 351
Müller cells, 28–29
Müller glial cells, 41–42, 48
Mycobacterium tuberculosis, 180
Myocardial infarction, 253, 256
Myopia, pathologic, 234, 242–241

Nanoparticles, 6
Neovascular glaucoma, 71
Neovascular lesion, 228
Nerve growth factor (NGF), 48
Neural parenchyma, 27
Neural retina, 75, 117–118
Neurodegenerative disease chronic, 43
Neuronal cell death, 41–43
Neuronal signaling, 28
Neuroprotective interventions, 41
Neurosensory retina, 111
Neurotrophins, 46–47, 50
New drug application (NDA), 59
NT-501 explant surgery, 125

Occludin, 31–33
Occludin tyrosine phosphorylation, 32
Ocular disorders, 71, 111–112
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Ocular neovascularization, 73, 76
ocular photodynamic therapy, 71
laser photocoagulation, 71

Ocular surgery, complications of, 349
Ocular trauma, 349–348
Ocular tumors, 71
Oligonucleotides, 75
Ophthalmoscopy, 100, 102, 104
Optic nerve crush model, 44
Optic nerve transection, 46
Optic neurotomy radial, 313–314
Optical coherence tomography (OCT), 102,

104, 293
Ornithine transcarbamylase, 165, 166

Panretinal photocoagulation (PRP), 311
Parenchyma neural, 27
Pars plana sclerotomy, 125
Pars plana vitrectomy, 176–179, 310, 317–318
Pegaptanib sodium, 73, 75–76, 255–257
Perinatal retina, 46
Periocular injections, 9
Peripherin, 117
Phakic eyes, 88, 92
Phosphate buffered saline, 97, 208
Phosphoinositide 3 kinase, 44, 45
Photodynamic therapy (PDT), 18, 129, 147,

249
Photo-occlusion, 146, 147
Photoreceptor degeneration, models of,

47–48
Photoreceptor interdigitation, 91
Photosensitizer, 129–130, 136–137, 147–148
Pigment epithelium-derived factor (PEDF),

160, 164
Pilocarpine, 6
Plasmapheresis, 312
Plasminogenactivator inhibitor-1 (PAI-1), 80
Platelet-activating factor (PAF), 306
Platelet-derived growth factor (PDGF), 29,

33, 72, 306
Pneumatic retinopexy, 98–99, 108
Polylactide/glycolide (PLGA) polymer

system, 6
Polyvinyl alcohol, 138, 203, 271–272
Postsynaptic receptors, 41
Posurdex1, 176
cataract surgery, 268, 272
macular edema, 268
retinal vascular occlusion, 268

Prednisone, 282
Prematurity retinopathy of, 71, 98
Prodrugs, 7–8, 17

Product registration, technical guidelines
for, 60

Proliferative diabetic retinopathy, 77–79
Proliferative vitreoretinopathy (PVR), 15, 17,

77, 177, 181, 279, 329
optimal steroid therapy for, 16

Propionibacterium acnes, 349
Protein kinase C (PKC), 292, 297

RanibizumabTM, 73–75, 258–259
Recombinant human CNTF, 117
Reinjection strategies, 352
Rescue effect, 164
RetaaneTM, 253
Retina biopsy, 330
Retina–choroid, 176, 179, 188, 189
Retinal capillaries, 87

permeability, 305
Retinal circuitry inner, 46, 47
Retinal degeneration, 111, 117, 119, 120
Retinal detachment, 48, 97–98, 100, 108
Retina holangiotic, 90
Retinal ischemic injury, 42
Retina neural, 75, 117–118
Retina neurosensory, 111
Retinal parenchyma, 28, 29
Retina perinatal, 46
Retinal perforation, 99
Retinal pigment epithelial mottling, 90
Retinal pigment epithelium (RPE), 12, 66,

90–91, 144, 197, 230
Retinal reattachment, 99, 104, 106, 108
Retinal vascular disease, 301, 306
Retinal vascular proliferation, 118
Retinal vein occlusion, 71, 304–305
Retinoic acid (RA), 282, 283
Retinopathies ischemic, 45
Retinopathy diabetic, 27
Retinopexy pneumatic, 98–99, 108
Rhegmatogenous retinal detachments

(RRD), 98
Rheologic therapy, 310

blood viscosity, 310–311
hemodilution, 311
pharmacologic agents, 310–311

Rhodopsin, 117, 119
Ribozyme therapy, 163
Ringer’s lactate solution, 145
Rubeosis iridis, 118

Scleral anatomy, 193–194, 195, 196
Scleral buckle, 99
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Scleral permeability
in vitro studies of, 194–196
in vivo studies of, 196–198

Scleral ring, surgical decompression of, 313
Semipermeable polymer membrane, 111
Severe combined immune deficiency

(SCID), 166
Sham injection, 250, 257, 259
Silicone oil, 279, 279, 284
Small unilamellar vesicles (SUVs), 12
Snellen equivalent, 252–254
Sodium fluorescein, 195
Sodium hyaluronate gel, 11
Squalamine, 254
Standard of care (SOC), 294
Steroid-sparing drug, 265–266
Streptomycin sulfate, 87
Studies of the ocular complications of AIDS

(SOCA) research group, 332
Subretinal fluid reabsorption, 97–98,

100, 102
Subretinal hemorrhage, 99
Subretinal space, 74, 75
Sulfacetamide sodium, 87
Superotemporal quadrant, 80
Superoxide dismutase, 45
pneumatic retinopexy, 99
vitrectomy, 98

Surgery intraocular, 85
Surodex1, 177–176, 268
Sustained-release device

nondegradable, 203, 205

Tenon’s capsule, 181
Therapeutic concentration range, 89
Thrombolytic therapy, 309–310
Tight junctions, 28, 32–33
in brain cortical capillaries, 27
proteins, 305

Tissue plasminogen activator (tPA), 309
injection into venules, 310

Toxicity criteria electroretinographic, 90
Trabecular meshwork, 87–88
Transcellular electrical resistance

(TER), 31
Transforming growth factor (TGF), 72
Transmembrane tight junction

proteins, 27
Transpupillary thermotherapy (TTT), 249
Transscleral delivery, 193, 197, 198
Trauma ocular, 349–348
Triamcinolone acetonide, 77, 250–251,

264, 268, 306–308
Tumor necrosis factor-alpha, 292
Tumors ocular, 71

Uveitis, 77, 118, 203, 204, 212, 265–267
Uveitis equine recurrent (UER), 205
Uveoretinitis autoimmune, 118

Valganciclovir, 333, 340
Vancomycin, 87, 89, 91
Varicella zoster virus (VZV), 325
Vascular disease retinal, 301, 306
Vascular endothelial growth factor (VEGF),

29, 72, 137, 255, 292, 305
Vascular proliferation retinal, 118
Verteporfin, 71, 131, 133, 137
Visual acuity best-corrected, 230–231
Visual acuity (VA), 250–253, 257, 292

loss of, 301, 307, 318
VitrasertTM, 7, 15, 335
Vitrectomy, 85, 98
Vitreoretinal surgery, 206, 213

Wetfield cautery bipolar, 125

Zero-order kinetics, 4, 7
Zonula occludens, 27
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Figure 11.1 Expression of the gene encoding
EGFP is stable after subretinal injection in the
monkey. (See p. 160)

Figure 11.2 Scheme of dual vector
transactivation system using tetracycline (or
doxycyclin). (See p. 164)

Figure 11.3 Scheme of ribozyme-mediated cleavage of
target mRNA molecules. (See p. 165)



Figure 17.3 Slit-lamp photograph of an isolated incidence in which two Surodex devices are
visible in the inferior angle. (See p. 269)

Figure 20.5 (C) OCT before injection demonstrates pronounced macular thickening. (D) OCT
following injection shows macular edema resolution. (See p. 308)



Figure 20.6 (B) Cross section 
of the optic nerve demonstrates
sectioning of the scleral ring in a
cadaver eye. (See p. 314)

Figure 20.7 (A) In branch vein desheathing
surgery, a bent MVR blade or scissors are used
to incise the common adventitia at the
arteriovenous crossing allowing seperation of
the vessels. (See p. 316)

Figure 21.1 The ganciclovir implant. Note the yellow pellet of ganciclovir on the left and the strut
which is secured to the sclera to the right. (See p. 335)



Figure 21.2 The scleral incision to place the implant into the vitreous is at the pars plana.
(See p. 336)

Figure 21.5 The ganciclovir implant is noted in the inferior aqueous layer in a silicone oil–filled
eye. (See p. 339)
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