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ENHANCEMENT OF SCLERAL MACROMOLECULAR PERMEABILITY WITH
PROSTAGLANDINS*
BY

Robert N. Weinreb, MD

ABSTRACT

Purpose: It is proposed that the sclera is a metabolically active and pharmacologically responsive tissue. These studies
were undertaken to determine whether prostaglandin exposure can enhance scleral permeability to high-molecularweight substances.
Methods: Topical prostaglandin F2 (PGF2) was administered to monkeys to determine if this altered the amount of scleral matrix metalloproteinases (MMPs). Experiments also were performed to determine whether the prostaglandin F
(FP) receptor and gene transcripts are expressed in normal human sclera. Permeability of organ-cultured human sclera following prostaglandin exposure then was studied and the amount of MMP released into the medium measured.
Finally, the permeability of human sclera to basic fibroblast growth factor (FGF-2) was determined following
prostaglandin exposure.
Results: Topical prostaglandin administration that reduced scleral collagen also increased scleral MMP-1, MMP-2, and
MMP-3 by 63 ± 35%, 267 ± 210%, and 729 ± 500%, respectively. FP receptor protein was localized in scleral fibroblasts, and FP receptor gene transcript was identified in sclera. Exposure to prostaglandin F2, 17-phenyltrinor, PGF2,
or latanoprost acid increased scleral permeability by up to 124%, 183%, or 213%, respectively. In these cultures, MMP1, MMP-2, and MMP-3 were increased by up to 37%, 267%, and 96%, respectively. Finally, transscleral absorption of
FGF-2 was increased by up to 126% with scleral exposure to latanoprost.
Conclusions: These studies demonstrate that the sclera is metabolically active and pharmacologically responsive to
prostaglandins. Further, they demonstrate the feasibility of cotreatment with prostaglandin to enhance transscleral delivery of peptides, such as growth factors and high-molecular-weight substances, to the posterior segment of the eye.
Tr Am Ophth Soc 2001;99:319-343
INTRODUCTION

Peptides, including growth factors and other high-molecular-weight substances, are potential therapeutic agents
for delivery to the posterior segment in glaucoma, agerelated macular degeneration, and other ocular disorders.1-4 The potential benefit of such treatments is suggested by enhanced survival and differentiation of retinal
neurons in cultures5-7 and improved neuronal viability in
experimental models8-11 to which certain growth factors or
neurotrophins have been added. However, targeted delivery of even low-molecular-weight drugs to the optic nerve,
retina, and choroid has been problematic. Delivery of
high-molecular-weight drugs is even more challenging.
Methods for simple and safe drug delivery to the posterior segment clearly are needed if such neuroprotection
strategies are to be effective.
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School of Medicine, La Jolla. Supported in part by grant EY-05990 from
the National Eye Institute; a Senior Scientist Award from Research to
Prevent Blindness, Inc, New York, New York; and the Joseph Drown
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Tr. Am. Ophth. Soc. Vol. 99, 2001

It is proposed here that enhancement of scleral
macromolecular permeability with prostaglandins may be
such a method. The hypothesis investigated in this thesis
is that the sclera is metabolically active and that
prostaglandin cotreatment activates enzymes that
enhance scleral macromolecular permeability.
CURRENT METHODS OF DRUG DELIVERY AND THEIR
APPLICABILITY TO THE POSTERIOR SEGMENT

The applicability of current methods of drug delivery to
the posterior segment is limited by poor drug absorption,
particularly of high-molecular-weight substances.
Topical Application
Topical application is the primary route of drug delivery to
the anterior segment of the eye. This route of administration is noninvasive, simple for the patient to use, and relatively free of systemic side effects, particularly when
applied with punctal occlusion or gentle lid closure to minimize systemic drug absorption. However, topical application requires rigorous patient compliance over an extended
time to effectively treat chronic disease, and it is largely
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ineffective for drug delivery to the posterior segment.
Many drugs are capable of penetrating intact corneal
epithelium to achieve significant levels in the cornea,
anterior chamber, iris, and ciliary body. Topically applied
drugs also may enter the eye by crossing the conjunctiva
and diffusing through the sclera, but do so only to a minor
extent. Although the transcorneal penetration of drugs is
essential to achieve therapeutic drug levels in anterior
segment tissues, drugs applied to the cul-de-sac typically
do not achieve pharmacologically active concentrations in
posterior segment tissues following topical administration.
An important factor that limits topical application as a
means of drug delivery to the posterior segment is the loss
of drug from the precorneal area. Induced lacrimation
because of an instilled volume into the conjunctival sac,
blinking, physiologic tear turnover, drug-protein binding,
and enzymatic degradation of drug in tear fluid allow only
a small amount of an applied dose to pass into the aqueous humor and surrounding tissues in the anterior chamber. Edelhauser and Maren found that lower corneal permeability in humans than rabbits may result, in part, from
our fourfold greater blinking rate and twofold greater tear
turnover.12
The corneal epithelium is another contributing factor
that limits topical application, as it is a barrier to drug
absorption, particularly for high-molecular-weight substances such as growth factors. As a result of these hurdles, the absorption of drugs applied topically to the eye is
quite poor compared with the systemic route of administration. The extent of absorption, as measured by taking
the ratio of the total amount of drug that has entered the
eye divided by the instilled dose, ranges from 1% to 7%
for ophthalmic drugs.13,14 In contrast, the extent of absorption of systemic drugs is usually greater than 75%.
Within the anterior chamber, drug dilution and
removal also reduce the amount of drug available for diffusion posteriorly to the optic nerve, retina, and choroid.
Aqueous secretion within the anterior segment dilutes the
aqueous humor drug concentration, and normal aqueous
drainage removes drug that has penetrated the corneal tissues. Drug also may diffuse into blood vessels within the
anterior segment and then be removed from ocular tissues.
A drug that is absorbed into the anterior chamber also
must redistribute from the aqueous to the vitreous humor.
However, a drug topically applied to the eye in general
does not enter the vitreous in significant concentrations.
Two main factors explain the relative lack of penetration
in the vitreous cavity. One factor is that there is only a
minute space between the ciliary processes and the lens,
and drugs must diffuse against an aqueous humor flow
gradient. Another factor is the relatively slow diffusion of
drugs in the vitreous. Molecular charge and lipophilicity
have little effect on the diffusion of drugs of ocular
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interest.13-15 Drug diffusion depends on molecular movement through an aqueous environment. Although it is not
restricted by the presence of collagen in the vitreous, drug
diffusion is too slow to allow significant drug accumulation
within the vitreous. Finally, cell junction barriers, as discussed subsequently, can limit the diffusion of drugs within the vitreous into the optic nerve, retina, and choroid.15
Systemic Administration
Despite the excellent absorption of systemic drugs, systemic administration of biologically active agents is ineffective at achieving therapeutic levels in the posterior segment of the eye. In the intact eye, systemic routes, such
as oral or parenteral, may not produce a high enough concentration of drug because of resistance to entry from
blood-ocular barriers, metabolism of drug to an inactive
species, or significant uptake into another organ or tissue.
Drug absorption into the eye is increased during ocular
inflammation, which is associated with a disruption of the
blood-aqueous barrier, the blood-retinal barrier, or both.
Even in this case, however, systemic drug administration
at doses sufficient to be absorbed into the eye may cause
unacceptable systemic side effects, since the drug actions
are unlikely to be localized to the eye. As an example,
neurotrophins, which are high-molecular-weight drug
candidates for optic nerve and retinal neuroprotection,
have many properties aside from their roles in neuronal
survival and axonal growth associated with retrograde
transport. Neurotrophins also are anterogradely transported and released from presynaptic to postsynaptic targets.16 Further, they modulate membrane excitability,
induce neuronal hypertrophy, and affect cell differentiation.2 If cells throughout the body were exposed to exogenously administered neurotrophins, the systemic side
effects would likely be ubiquitous and deleterious.
Intravitreal Injection
Intravitreal injection, most often via the pars plana, offers
a direct route to the posterior segment and often can provide adequate tissue drug levels. For some infectious or
inflammatory diseases of the posterior segment, intravitreal injections are an effective and essential component of
treatment. Local delivery of drugs to the eye via intravitreal injection offers several advantages over other routes
of administration. First, it avoids many of the side effects
associated with systemic therapy. This is particularly of
benefit in the case of medications that may be too toxic for
systemic administration but are well tolerated by the eye.
Second, it bypasses the blood-ocular barrier, allowing
higher intraocular drug levels than might otherwise be
achieved. This may be particularly advantageous for highmolecular-weight substances.
Even if a drug can be delivered intravitreally,
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however, the barrier presented by the internal limiting
membrane is an important factor that may preclude
intravitreal delivery of many peptides, including growth
factors and other high-molecular-weight substances, to
the retina. In rabbits with experimental subretinal
detachments, Takeuchi and associates17 observed that fluorescein isothiocyanate albumin (67 kDa) injected intravitreally can diffuse, but only slowly, across the sensory retina into the subretinal space. Kamei and associates18 injected tissue plasminogen activator (70 kDa) labeled with fluorescein isothiocyanate and rhodamine B isothiocyanate–labeled dextran (20 kDa) into the midvitreous
cavity of normal rabbits and those with experimental subretinal hemorrhage. The smaller-molecular-weight dextran diffused slowly throughout the neural retina in each
of the eyes. Intravitreal tissue plasminogen activator did
not diffuse through the intact neural retina in any of them.
Distribution of an intravitreal drug also may limit drug
delivery to the retina. A drug with a rapid rate of clearance from the vitreous may require large boluses and frequent injections to ensure therapeutic levels over an
extended period.
Intravitreal injections have the inherent potential side
effects of retinal detachment, endophthalmitis, cataract
formation, and vitreous hemorrhage. The benefits of
treatment must supersede these risks. In chronic diseases, long-term intravitreal treatment also might need
frequent injections. Repeated injections have incremental risks, and they generally would not be well tolerated by
the patient. Therefore, sustained-release intravitreal drug
delivery, which would require fewer injections, may be
particularly advantageous for treatment of chronic eye
diseases.19
The use of sustained-release drug delivery systems
that are placed within the vitreous is being investigated for
a number of eye diseases, including cytomegalovirus
retinitis,20-23 uveitis,24-26 proliferative vitreoretinopathy,27-30
and choroidal neovascularization. In addition to the
advantages of intravitreal injection, sustained drug delivery offers the promise of relatively constant drug levels in
the vitreous. On the other hand, drugs that may be safe
to the eye when used for a short time may prove to be
toxic with sustained intraocular levels. Further, once
placed intraocularly, they would need to be surgically
removed if there were untoward side effects. The
devices, too, have risks and complications associated with
their placement that may preclude their routine use in
eyes with glaucoma or age-related macular degeneration.
These limitations have delayed their introduction into
clinical use, particularly for treatment of chronic diseases.
Periocular Injection
Directly introducing a drug into the tissues surrounding

the posterior segment by anterior or posterior subTenon’s, subconjunctival, or retrobulbar injection is
another method of delivering drugs to the posterior segment of the eye. For many reasons, this is an attractive
route for delivering drugs to the optic nerve, retina, or
choroid. This route has a major advantage of bypassing
the epithelial barriers of the cornea and conjunctiva,
which limit drug absorption with topical application.
Despite the frequent clinical use of periocular injection for a plethora of ocular disorders, the mode of drug
transfer from the periocular location into the ocular tissues is not clearly understood. The drug may leak from
the conjunctival injection site and penetrate the cornea or
may enter the eye in part via systemic absorption. Also,
the drug may enter the eye through intrascleral vascular
channels or through perivascular and perineural spaces
surrounding penetrating blood vessels and nerves.
Perhaps most significantly, the drug also may enter the
eye after penetrating directly through the sclera.31,32
McCartney and associates33 documented the direct
penetration through underlying sclera of subconjunctival
tritium-labeled hydrocortisone (molecular weight [MW],
362 Da), a low-molecular-weight drug, through the ocular
tissues in the rabbit eye. In their study, the percentage of
the total dose that penetrated into the eye appeared to be
small (~1% to 2%). Studies in normal squirrel monkeys
by Barza and associates34 demonstrated that gentamicin
(MW, 450 Da to 477 Da), a mixture of 3 similar lowmolecular-weight compounds, also can penetrate directly
through underlying sclera when administered by subconjunctival or retrobulbar injection. They also found the
highest drug concentrations in the superior and inferior
segments of the rabbit sclera, but no detectable drug in
the nasal and temporal areas.35 On the basis of these data,
they hypothesized that the drug solution tends to remain
localized and spreads over the superior segment nearest
the injection site for a period long enough to be absorbed
by the sclera. It then moves to the inferior segment, possibly as a result of gravity. Depending on the position of
the subject, it is absorbed through the superior and inferior scleral surfaces rather than nasal and temporal areas.
They observed significant levels in the retina and choroid,
but not the vitreous.
Lim and associates36 detected tissue plasminogen activator (MW, 70 kDa) in rabbit vitreous after subconjunctival injection, but the concentrations were very low.
Subsequently, Lincoff and associates37 observed that
recombinant human interferon -2a (MW, 20 kDa) diffused into the rabbit choroid, but only in small amounts,
after retrobulbar injection. The total choroidal concentration was only 3% of the amount injected in the retrobulbar
space, and the serum concentration was less than 1% of
the choroidal concentration. Weijtens and associates38,39
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studied dexamethasone concentrations in subretinal fluid
of patients with a rhegmatogenous retinal detachment
undergoing a scleral buckling procedure with drainage.
They found that a subconjunctival injection, preceded by
topical cocaine to disrupt the corneal and conjunctival
epithelial barrier, resulted in a higher maximal vitreous
concentration of dexamethasone (MW, 393 Da) than a
sub-Tenon’s or retrobulbar injection. However, even the
highest vitreous concentrations in their study were lower
than those needed for a therapeutic effect based on in
vitro testing of human retinal pigment epithelial cell proliferation.39
Although periocular injection can deliver some lowmolecular-weight substances in clinically relevant concentrations to the posterior segment, the rate of delivery is
not as effective with high-molecular-weight substances.
Improvement in the extent of absorption can come from
better retention at the site of absorption through the use
of gels,40-42 nanospheres,43 liposomes,44-49 or other
biodegradable carriers. Improvement in the extent of
absorption also can be achieved with improved penetrability. Methods to improve the penetrability of the sclera
have been sparsely investigated.
SCLERA

Basics
The sclera is a densely collagenous, hypocellular and elastic tissue that is composed of a proteoglycan matrix and
closely packed collagen fibrils.50-53 It has been thought to
be relatively inactive metabolically, having no intrinsic
capillary bed and few fibroblasts. Duke-Elder54 described
the sclera as “inert and purely supportive in function.”
Watson and Hazleman55 stated that it is “metabolically relatively inert.”
The outer surface of the sclera is covered by the
loosely organized episclera and its inner surface by the
lamina fusca and suprachoroidal space. The sclera is perforated by the emissarial canals for arteries, veins, and
nerves. Unlike corneal collagen, scleral collagen bundles
do not lie in orderly, regular lamellae but are interlaced in
an irregular fashion, which accounts for the lack of transparency. Collagen forms 75% of the dry weight of the
sclera;56 the remainder is made up of noncollagenous proteins and mucopolysacharides.57,58 Approximately 70% of
the weight of intact sclera is water.
Spitznas59 studied the ultrastructure of human scleral
collagen posterior to the ora serrata and reported that the
diameter of the fibrils in the outer layers is significantly
larger than that of the inner layers. There is a ratio of 1:2
between the diameter of collagen fibrils in the innermost
and outermost layers of human posterior sclera, respectively.59,60 Shields and associates61 observed that there is
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significantly less difference in average collagen fibril
diameter between the inner and outer portions of anterior compared with more posterior human sclera.
According to them, Purnell and McPherson61 suggested
that the larger fibril diameter, which they extrapolated to
looser fibril arrangement, might provide less resistance to
aqueous flow through the intervening ground substance.
Bundles of thinner fibers, possibly precollagen, are found
near scleral fibroblasts. The length of the bundles is not
known. The bundles have a slightly fusiform shape with
tapering ends and dichotomous branches. The turnover
rate of scleral collagen is also unknown. The flat and elongated cells, the scleral fibroblasts, are few in number and
are separated by collagen. The long axis of the cell and
nucleus is parallel to the surface. Long, thin cytoplasmic
extensions from the cells are attenuated to a diameter
one-third to one-half the size of the collagen bundles.
Experimental studies in an avian model suggest that the
sclera is derived from 2 sources, the ectodermal neural
crest and mesoderm.62
The mean total scleral surface area is approximately
17.0 ± 1.5 cm2.63 Mean scleral thickness ± SD is 0.53 ±
0.14 mm at the corneoscleral limbus, significantly
decreasing to 0.39 ± 0.17 mm near the equator and
increasing to 0.9 to 1.0 mm near the optic nerve.64 The
sclera thins with age. The large surface area and thinness
of the sclera are desirable features of a route for targeted
drug delivery.
In a normal eye, blood vessels only traverse the sclera and do not supply it directly. Therefore, the stroma of
the sclera derives its nutrition from a distance and not
through intimate contact with the capillary bed. This
implies that the sclera must be permeable to fluids and
metabolites, as reported first by Bill.65 The external movement of substances through the sclera results from a pressure difference between the suprachoroidal space, where
the pressure is 1 to 2 mm Hg lower than intraocular pressure, and the episcleral tissue, where the pressure is near
0 mm Hg. Transscleral movement should theoretically be
slowed by reducing intraocular pressure. Whether this
flow forms part of the normal flow of fluid from the suprachoroidal space is uncertain.66
Transscleral Fluid Movement
Drug penetration across the sclera is a route of entry into
the eye for some ocular drugs, particularly those with low
molecular weight. However, the details of transscleral
fluid movement are poorly understood.
In addition to being the outer surface of the globe,
the sclera is the distal component in the uveoscleral outflow pathway. Histologic analysis of sclera following injection of various tracers into the anterior chamber indicated
the presence of transscleral fluid flux through the scleral
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stroma, as well as possibly through narrow spaces around
penetrating nerves and blood vessels.65,67-69 However, there
is little information regarding the character of this fluid
movement. What factors influence scleral permeability?
Does the sclera allow only unidirectional flow from within
the eye to the outside? Or might the flow be bidirectional, and also from outside to within? Is it always passive, as
might occur with porous diffusion through a fiber matrix?
Or might it also be regulated by endogenous signals?
Assessment of drug diffusion through the sclera by in
vitro permeability studies is a useful approach to estimate
drug movement for in vivo conditions. Maurice and
Polgar70 examined diffusion across bovine sclera with a
broad range of different molecular weight solutes and
ions, including methylene blue (MW, 320 Da) and serum
albumin (MW, 69 kDa). They showed first that the diffusion of the ions and solutes was inversely related to
molecular weight. Shields and associates71 performed an
in vitro study with postmortem human eyes to assess the
permeability of outer anterior sclera following trabeculectomy. They recognized the permeability of sclera to ferritin or india ink, and they speculated that the route of
flow was through vessels in the flap or through the “collagen ground substance between individual fibrils.” Ahmed
and Patton72 recognized that under certain conditions,
even some topically applied drugs-timolol maleate (MW,
433 Da) and inulin (MW, 5 kDa)–can enter the eye via the
transscleral route and bypass the anterior chamber.
Edelhauser and Maren12 reported that scleral permeability was greater than corneal permeability except for highly
lipid soluble compounds, for which scleral and corneal
permeability were the same.
Olsen and associates64 examined the diffusion across
human sclera by using a range of different molecular
weight solutes as high as dextran (MW, 70 kDa). They
confirmed in human sclera that the diffusion of the ions
and solutes was inversely related to molecular weight.
Moreover, they observed that the absorption of molecular
weight substances greater than 5 kDa was poor. As they
studied only tissue without macroscopically visible perforating channels or light and electron microscopic perforating vascular channels, their studies were most consistent with direct penetration through the sclera as an
important vector for transscleral drug transfer into the
eye. More recently, Ambati and associates73 measured the
permeability of rabbit sclera to a series of fluoresceinlabeled hydrophilic compounds with a wide range of
molecular weights as high as 150 kDa. Scleral permeability decreased with increasing molecular weight, a finding
consistent with previous human and bovine data. They
also suggested that molecular radius might be a better
predictor of scleral permeability than molecular weight.
These studies all are consistent with the sclera being

permeable, and the permeability being inversely related
to the molecular weight of the permeating substance.
Influencing Drug Penetration and Scleral Permeability
The rate and extent of absorption are determined by both
the physicochemical behavior of a substance and the permeability of the sclera. Absorption can be enhanced for a
particular substance by increasing drug penetration or by
increasing scleral permeability. Few methods have been
tested to enhance either of these, particularly for molecular weight substances higher than 5 kDa.
Drug penetration into the eye may be increased with
iontophoresis, the process of moving a charged molecule
by an electric current across the cornea or sclera.
Transcorneal iontophoresis has been shown to result in
significantly higher drug levels than those found after
multiple drop treatments.74 However, it is questionable
whether significant drug concentrations within the optic
nerve, retina, or choroid can be achieved with it.
Experimental studies by Lam and associates75 have shown
that toxic tissue-damaging effects might accompany drug
delivery by transscleral iontophoresis. They observed local
retinal and choroidal lesions following transscleral iontophoresis of various drugs. Current density and duration
of application affected the size and severity of the lesions.
This technique also is not practical.
Few studies have investigated the factors that contribute to scleral permeability. Olsen and associates64 did
not find any significant correlation between scleral permeability to inulin and age. They also observed that
cryotherapy did not significantly affect scleral permeability to 5-fluorouracil (MW, 130), inulin, or dextran (MW, 40
kDa).64 Further, scleral permeability to sucrose (MW,
342), inulin, and dextran (10 kDa) was unaffected by
transscleral diode laser retinopexy.
Scleral permeability does appear to be related to scleral thickness. Shields and associates71 found that
increased outflow was inversely related to the scleral flap
thickness in a small number (N=6) of postmortem human
eyes that underwent experimental trabeculectomy. Scleral
permeability to the low-molecular-weight substances dexamethasone and methotrexate (MW, 455) also was
increased significantly with one half surgical thinning of
the sclera.64 Dan and Yaron76 found increased transscleral
flow of saline through bovine sclera with application of
clostridial collagenase. Interestingly, they also observed
that collagenase applied directly to rabbit sclera after a
fornix-based peritomy resulted in scleral thinning and
lower intraocular pressure.76 Even with the use of a
microapplicator, this response could not be precisely controlled. In contrast to increased permeability with scleral
thinning, abnormal and thickened sclera may be associated with reduced permeabilty. Trelstad and associates77
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found that sclera from 2 nanophthalmic eyes was thicker
than normal and contained unusually disordered collagen
fibrils. Yue and associates78 found that collagen fibers were
twisted and more closely packed in nanophthalmic eyes,
changes consistent with reduced scleral permeability.
Interestingly, Gass79 first suggested posterior sclerotomy,
which increases transscleral flow, as an effective treatment
before entering the anterior segment to prevent choroidal
effusion in these eyes. As recommended by Brockhurst,80
vortex vein decompression also may be effective.
Scleral permeability also may be influenced by
intraocular pressure. Rudnick and associates81 recently
evaluated the permeability of human sclera to 3 lowmolecular-weight compounds (carboxyfluorescein, dexamethasone, and water) and found a small effect of intraocular pressure. They suggested that pressure-related compression of collagen and narrowing of intracollagen pathways within the sclera slow diffusion of small molecules,
yet may completely block transport of macromolecules.81
By enhancing scleral permeability, one might be able
to more effectively deliver drugs to the posterior segment.
Enhanced scleral permeability also might lower uveoscleral outflow resistance and lower intraocular pressure.
Can Transscleral Fluid Movement be Enhanced by
Prostaglandins?
The possibility that various prostaglandins (PGs) could
modulate transscleral fluid movement and enhance scleral macromolecular permeability is suggested by several
observations. First, topical treatment of monkey eyes
with PGF2-isopropyl ester (IE) for 5 days is known to
enhance uveoscleral outflow and to reduce collagen type
I and collagen type III immunoreactivity within sclera by
43% and 45%, respectively.82 Second, scleral collagen is
predominantly type I collagen and accounts for about one
half of the total dry weight of sclera.56 Finally, evidence
that compaction of extracellular matrix affects transscleral
permeability suggests that collagen density within sclera is
an important determinant of permeability.83 Hence, it is
plausible that PG-mediated reduction of scleral collagens
could significantly alter permeability. Increased local
biosynthesis of matrix metalloproteinases (MMPs), a family of secreted neutral proteinases that can initiate specific degradation of key extracellular matrix components,
may be regulating the reduction of scleral collagen following topical PG.84,85
PGs induced substantial remodeling of ciliary muscle
extracellular matrix in situ that reflected MMP-mediated
collagen reduction.82 The sequence of cellular events
underlying this response includes PG transduction at cell
surface PG receptors, induction of MMP gene transcription, translation and secretion of proMMPs, activation of
MMPs by proteolytic truncation, and MMP-mediated
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initiation of collagen degradation in the ciliary muscle
extracellular space.86 There is immunohistochemical evidence that MMP-1, which can mediate normal turnover
of fibrillar collagens, such as collagen type I and collagen
type III, is present in normal human sclera.87 Analysis
with PG receptor agonists suggests that these PG responses are receptor-mediated.87
The biologic activity of a drug, whether it be therapeutic or toxic, is often proportional to the concentration
of that drug at the receptor site. Moreover, the persistence of its effects is directly related to the residence time
of the drug at the receptor. The PG receptor type that
most specifically recognizes F family prostaglandins is the
FP prostanoid receptor, a G-protein–coupled cell membrane receptor.88,89 In situ hybridization and immunohistochemical studies have demonstrated FP receptor transcripts and protein in several anterior segment tissues of
monkey eyes.90 In the sclera, however, only FP receptor
immunoreactivity has been observed,90 and no evidence of
FP receptor transcripts has been detected. It is possible
that the sensitivity of the in situ hybridization technique
used was insufficiently sensitive to detect small amounts
of FP receptor mRNA. In view of the potential responsiveness of sclera to prostaglandins, direct assessment of
FP receptor gene transcription and protein expression in
human sclera clearly is needed.
If prostaglandin exposure does enhance scleral
macromolecular permeability, the assertions that might be
valid include the following:
• Topical prostaglandin administration reduces scleral collagen by increasing scleral metalloproteinase
(MMP) activity.
• This effect is FP (prostaglandin F) receptor-mediated, and both gene transcription and protein
expression are present in the sclera.
• Exposure of isolated sclera to specific FP receptor
agonists increases scleral permeability in association
with increased MMP expression.
• Transscleral absorption of a high-molecular-weight
substance, basic fibroblast growth factor (FGF-2),
increases with scleral exposure to prostaglandin.
METHODS

1.

MEASUREMENT OF SCLERAL MATRIX METALLOPRO-

TEINASES AFTER TOPICAL PROSTAGLANDIN

PGF2-IE–Treated Monkey Eye Tissue
Young adult cynomolgus monkeys were evaluated by slitlamp biomicroscopy on 2 occasions prior to initiation of
treatment to confirm the absence of signs of ocular
inflammation. In addition, integrity of the blood-aqueous
barrier was confirmed by measuring the appearance and
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disappearance of fluorescence in the anterior chamber
(AC) following intravenous fluorescein administration. To
qualify for further study, AC fluorescence levels and time
course of appearance and decay in both eyes had to be similar and within the range of values obtained for control eyes
in previous studies.91 Monkeys meeting these conditions
were presumed to have an intact blood-aqueous barrier.91
The following week each qualifying monkey received
2g PGF2-IE (in 5 L) twice daily (morning and afternoon, approximately 7 hours apart) in 1 eye and 5 L of
vehicle in the other eye for 5 days, as previously
described. On the fifth day of treatment, slit-lamp biomicroscopy was performed. Eight eyes of 4 monkeys were
evaluated. AC cells or flare was not observed during
treatment of these monkeys.
The animals were sacrificed on day 5.82 The vascular
bed was perfused with lactated Ringer’s solution to
remove circulating MMPs from the ocular tissues. The
anterior segments were dissected and immediately fixed
in methacarn (60% methanol, 30% chloroform, 10% glacial acetic acid) for 3 hours. Increased sensitivity of
immunohistochemical staining of various antibodies has
been demonstrated for many antigens after methacarn fixation.92,93 Fixed anterior segments were transferred to cold
100% ethanol. The tissues were embedded in paraffin
and sections were collected from the midsagittal region of
each eye on Vectabond coated slides (Vector Laboratories,
Burlingame, Calif). For histopathologic analysis, 3 or 4
sections from each eye were stained with hematoxylin and
eosin. All procedures were conducted in accordance with
the ARVO Statement on the Use of Animals in
Ophthalmic and Vision Research. Tissue sections analyzed in the present study were cut from the same tissue
blocks as sections analyzed in a previous study.82
Immunohistochemistry
Sclera was immunostained by a standardized protocol.
Each step of the protocol was optimized as previously
described.94 The concentration of each solution containing antibodies or horseradish peroxidase-conjugated
streptavidin was optimized to obtain submaximal (nonsaturating) staining intensity as determined by imaging densitometry (described in the next section). Finally, the
incubation time with diaminobenzidine was optimized for
each primary antibody to obtain the strongest signal
(staining intensity) that still was increasing linearly with
time. The elimination of saturating binding or development parameters from the protocol supports the position
that the observed changes in staining intensity reflected
differences in tissue content of target antigen.
Sections from the treated and control eyes were
stained at the same time. Five sections, 10 m thickness,
from each eye were heated to 56°C for 20 minutes,

washed in 3 xylene changes to remove paraffin, and rehydrated through graded ethanols. The sections were treated with antigen retrieval solution (AR-10, Biogenex, San
Ramon, Calif) at 95°C for 5 minutes. After cooling, the
sections were exposed to 3% H2O2 for 10 minutes to suppress endogenous peroxidase activity. To remove intrinsic
melanin, sections were treated successively with aqueous
potassium permanganate (2.5 g/L) for 10 minutes and
oxalic acid (5 g/L) for 3 minutes.95-97 After rinsing, the sections were blocked for 30 minutes with 0.1% bovine
serum albumin (Sigma Chemical Co, St Louis, Mo) and
incubated for 2 hours with affinity-purified polyclonal
sheep anti-porcine MMP-1 (dilution 1:25, AB772,
Chemicon, Temecula, Calif), polyclonal rabbit antihuman MMP-2 (dilution 1:100, AB809, Chemicon), or
rabbit anti-human MMP-3 (dilution 1:1,000, AB810,
Chemicon). These concentrations had been optimized in
pilot studies for quantitative analysis. Specificity of these
antibodies has been previously confirmed.87,98 After rinsing, the sections treated with antibody to MMP-1 were
exposed to biotinylated donkey anti-sheep IgG for 30 minutes (Biotin-SP-Conjugated Affinipure, Jackson
Immunoresearch Laboratories, Inc, West Grove, Pa,
diluted 1:500). The sections exposed to antibodies to
MMP-2 or MMP-3 were exposed to biotinylated goat
anti-rabbit immunoglobulin (Biogenex) for 20 minutes.
After rinsing, the sections were exposed to horseradish
peroxidase-conjugated streptavidin for 20 minutes.
Consecutively, each section was rinsed and incubated with
3,3-diaminobenzidine chromogen for 10 minutes (HRPDAB Super Sensitive Immunodetection System,
Biogenex). To facilitate comparability, sections from the
control vehicle-treated and PG-treated eye of each monkey were immunostained at the same time.99,100 To serve as
controls for nonspecific staining, sections from each eye
were simultaneously processed by the same protocol but
without the primary antibody.
Densitometric Analysis
Immunohistochemical staining intensity was directly
measured with a high-resolution imaging densitometer.94
Measurements from multiple sections stained at the same
time facilitated assessment of measurement precision and
permitted statistical comparison of differences among
control and experimental eyes. Immunostained sections
were scanned by placing the slides directly on the platen
of an imaging densitometer (model GS-700, Bio-Rad,
Hercules, Calif). Resolution of the scans was set to 1,200
dpi (50 m-wide pixels), and the scanning mode was set
to transillumination. The optical density measurements of
the immunostained sections all were less than 1.00 optical
density units. Because the densitometer can accurately
measure optical densities greater than 3.0 units (Bio-Rad
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specifications), these measurements were well within the
appropriate range for accurate determinations. The
scanned digital data were displayed in a masked fashion
and analyzed by using an image analysis program
(Molecular Analyst : version 2.1, Bio-Rad). The optical
density along 2 line segments positioned over the sclera
was measured in each section by using two-dimensional
imaging densitometry. A similar line segment was positioned perpendicular to the sclera adjacent to the ciliary
body to assess background optical density.
Mean optical density scores were determined from
the optical density volume scores (optical density x mm)
and the corresponding line segments (mm).94 For each
eye, 10 scores were obtained from 5 midsagittal sections.
Background optical density was defined as baseline and
subtracted from the original optical density scores. The
specific optical density scores along each line segment
over the sclera were calculated by dividing the optical
density area score (optical density ( mm, provided by the
densitometer) by the length of the line segment (mm) for
that score. Mean specific optical density scores from the
PG-treated eye of each monkey were compared to corresponding scores from the contralateral control eyes using
the paired Student’s t test. The unpaired Student’s t test
was used to compare the mean of mean optical density
scores of all PG-treated and all control eyes. In each case,
a P value less than 0.05 was considered significant.
2.

FP RECEPTOR GENE TRANSCRIPTION AND PROTEIN

EXPRESSION IN NORMAL HUMAN SCLERA

These experiments were undertaken to determine
whether the FP receptor is expressed in normal human
sclera.
Tissue Preparation
Postmortem human eyes from a 76-year-old donor were
obtained from within 24 hours of death. Eyes were placed
in chilled Hepes-buffered saline solution (HBSS) and
maintained on ice. Eyes were surgically cleaned of connective tissue, blood vessels, muscle, and conjunctiva and
rinsed once in HBSS. The anterior chamber was removed
by a circumferential incision approximately 4 to 5 mm
behind the limbus and snap-frozen, as described below. A
circumferential incision was made in front of the optic
nerve head, and ocular contents, including retina and
choroid, were removed. The sclera was cut into 10 mmsquare pieces. Residual pigmented tissue was removed
with a cotton-tipped applicator. Sclera tissue was further
cut into 2 mm squares and placed in a sterile 50 mL conical tube on ice.
Isolation of Total RNA
The scleral tissue squares were homogenized in 8 mL of
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TRIzol reagent (Gibco, BRL, Life Technologies, Grand
Island, NY) using a homogenizer (Polytron P-10;
Brinkmann, NY). Homogenized sample was transferred
to sterile 1.5-mL tubes in 1-mL aliquots and incubated for
5 minutes at 25ºC. Chloroform (200 L) was added to
each tube and mixed by brief vortex and incubated for 3
minutes at 25ºC. Samples were centrifuged (12,000  3)
for 15 minutes at 4ºC. The aqueous phase was transferred
to fresh sterile 1.5 mL tubes. Isopropanol (500 L/tube)
was added and allowed to incubate for 10 minutes at 25ºC.
Samples were centrifuged (12,000 ( g) for 10 minutes at
4ºC. Supernatant was removed, and the RNA pellet was
washed with 75% ethanol/diethylpyrocarbonate water and
air dried. RNA was resuspended in a total volume of 50
L diethylpyrocarbonate water, and quality was checked
by gel electrophoresis.
Reverse Transcription-Polymerase Chain Reaction (PCR)
Primers were chosen to amplify 1,186-nucleotides of the
human FP receptor. The sense primer (nucleotides 170
to 193) corresponds to a position 61 nucleotides upstream
of the translation start site, and the antisense primer
(nucleotides 1333 to 1356) corresponds to a position 39
nucleotides downstream of the stop codon in the human
FP sequence. Both PCR primers were 100% homologous
with the reported cloned sequence of the human FP
receptor. The sense and antisense primers were used for
reverse transcription (RT)-PCR as previously described
with total RNA isolated from human sclera tissue.101 The
PCR (final volume, 50 L) contained 5 L of the RT
reaction, 5 L of 10X PCR buffer, 1 L of 10 mM dNTP
mixture, 1.5 L of 50 mM MgCl2, 2.5 L of the sense and
antisense primers (20 M), and 0.5 L taq polymerase
(all reagents from Gibco BRL, Grand Island, NY). The
PCR program consisted of an initial step at 95ºC for 3
minutes, followed by 30 cycles at 95ºC for 1 minute, 55ºC
for 1 minute, 72ºC for 1 minute, and a final step at 72ºC
for 7 minutes. Products were analyzed by electrophoresis
in a 1% agarose gel.
FP Receptor Protein Localization in Sclera
Antibodies to the human FP receptor were generated in
rabbits by using a recombinant fusion protein consisting of
glutathione-S-transferase and a portion of the carboxyl terminus of the receptor consisting of amino acids 317 to 362.
Preparations of the fusion protein and antibody purification were done as described.102 Initial characterization of
the antibodies was done as previously described103 using
COS-7 (African green monkey kidney) cells transfected
with plasmid DNA encoding the human FP receptor. For
labeling of human tissues, pieces of sclera (8 to 10 mm
square) were snap-frozen in embedding medium (OCT,
Tissue-Tek, Miles Inc, Elkhart, Indiana), sectioned on a
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cyrostat (8 to 10-m sections), mounted on glass coverslips, and postfixed in 4% paraformaldehyde. Tissue sections were washed twice with phosphate buffered saline
(PBS) and then placed in 30 mM sodium chloride/300 mM
sodium citrate for 20 minutes. Sections were then incubated in 100 mM glycine solution for 20 minutes to block
nonspecific binding, and then washed twice in sodium citrate buffer for 10 minutes. Sections were permeabilized
with 30 mM sodium chloride/300 mM sodium citrate containing 0.1% triton-X100 for 1 hour. After an overnight
incubation at 4°C with the primary antibody (0.5 to 1.0
g/mL), the cells were washed with sodium citrate containing 0.05% triton-X100 and incubated for 1 hour at
room temperature with secondary antibody (rhodamine
red-goat-anti-rabbit, Molecular Probes, Eugene, Ore) at a
dilution of 1:200. Coverslips were washed and mounted
on glass slides for viewing.
3.

MEASUREMENT OF HUMAN SCLERAL PERMEABILITY

AND MMPS WITH PROSTAGLANDIN EXPOSURE

If there is increased MMP-1, MMP-2, and MMP-3
immunoreactivity in the sclera of monkey eyes that have
received topical PGF2-IE treatment, it would be unclear
whether it is a direct response, reflecting increased production within sclera, or an indirect consequence of
increased MMP release into the suprachoroidal space of
the uveoscleral outflow pathway by ciliary muscle cells.
The following experiments were undertaken to investigate
this question by determining whether exposure of organ
cultures of human sclera to various PGs increases scleral
permeability and whether this is associated with increased
release of MMPs.
Human Scleral Organ Cultures
Twenty-three pairs of human eyes from donors 45 to 80
years old were obtained within 24 hours after death.
Enucleation was completed within 6 hours postmortem,
and the eyes were stored in a moist chamber at 4ºC for less
than 24 hours prior to generation of the organ cultures.
Donors had no known history of glaucoma or other eye disease. The eyes were placed in Dulbecco’s modified Eagle’s
medium and Ham’s F12 nutrient mixture (DMEM-F12)
medium containing 50 U/mL penicillin and 50 µg/mL
streptomycin for 15 minutes. This was repeated twice
prior to dissection. Tenon’s capsule and episclera were
removed from the surface of the sclera using a sterile cotton-tip applicator. Curved scissors were used to excise circular pieces of sclera. The chosen areas were selected to
avoid the perforating anterior ciliary vessels and the vortex
veins. The uveal tissues and retina were gently removed
from the vitreous side of the sclera with a cotton-tipped
applicator. The circular pieces of scleral tissue were placed
into 12-well culture plates containing DMEM-F12

supplemented with 1% fetal bovine serum and 1 ng/mL
recombinant human FGF-2. As serum contains agents
known to stimulate MMP biosynthesis,104 low serum concentration was used to minimize nonspecific induction of
MMPs. The cultures were incubated at 37ºC in a humidified atmosphere of 95% air and 5% CO2.
Prostaglandin Treatments
The culture medium was changed to fresh medium supplemented with PGF2, 17-phenyltrinor-PGF2, PhXA85
(latanoprost acid) (Cayman Chemical Co, Grand Rapids,
Mich), or vehicle control. 17-phenyltrinor-PGF2 and
PhXA85 bind with greater specificity to the FP receptor
(the endogenous PG-receptor that preferentially recognizes F-type prostaglandins) than PGF2. Each PG was
tested at concentrations of 100 nM, 200 nM, and 500 nM.
PG concentrations were chosen on the basis of their
receptor binding profiles as well as the observation that
the peak concentration of PhXA85 observed in aqueous
humor following topical application of a clinical dose of
latanoprost to human eyes is approximately 100 nM.105,106
Exposure durations of 24, 48, and 72 hours were chosen
on the basis of previous experiments that found increased
MMPs in ciliary smooth muscle cells exposed to PGs for
24 hours to 72 hours.107,108 Experimental treatment was
initiated by addition of the test PGs prepared from 10 mM
stock solutions in ethanol and appropriately diluted with
DMEM-12 nutrient mixture.
Permeability Analysis
Following 1- to 3-day incubation with test PG or vehicle
control, the scleral tissue was clamped into the in vitro
perfusion apparatus (Ussing apparatus, model CHM2;
World Precision Instruments Inc, Sarasota, Fla). The 2
chambers, each with a 9 mm-diameter opening, sandwiched a 14 mm-diameter piece of scleral tissue. This
assembly was held together with a clamp. Each unstirred
chamber contained 0.75 mL and could be filled, drained,
and purged through 3 ports. Three rhodamine-dextran
polymers (Molecular Probes) (MW, 10,000, 40,000, and
70,000 kDa) were diluted in phenol red-free HBSS (250
µg/mL). The “uveal-side” chamber was filled with phenolfree HBSS, and the “orbital-side” chamber was filled with
rhodamine-dextran diluted in phenol red-free HBSS.
Permeability was assessed in this direction because the
orbital side was smoother than the uveal side, and thus the
potential for measurement-altering small leaks around the
edge of the tissue piece was less. Solutions were freshly
prepared and warmed to 37ºC prior to use. After assembly and filling, the system was placed in the 37ºC incubator. The apparatus was checked after 30 minutes to
verify that no leaks were present. Any leaks of the dextran
solution were readily apparent owing to the dark red color
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of the solution Leaks of the phenol red-free Hanks from
the uveal-side chamber were recognized by reduction of
the level of the fluid visible through the clear walls of the
chamber. Four hours later, a 750 µL sample was removed
through a valved port connected to the uveal-side chamber and stored at -80ºC. Samples were protected from
light at all times before fluorescence measurement.
Scleral Permeability Coefficient
Diffusion from the “orbital” chamber to the “uveal” chamber was characterized by means of a permeability coefficient (Pc), which is the ratio of steady-state flux (the mass
of solute crossing a planar unit surface normal to the
direction of transport per unit time) to the concentration
gradient.64 In this study, the concentration of “uveal-side”
chamber, CU, was less than 1% of the concentration in the
“orbital” chamber, Co which did not change measurably
over the course of the experiment. Hence, the permeability coefficient was calculated as follows:
Pc (cm/sec) = (CUt-CU0.5)V / AtCo
where CU0.5 and CUt are the concentration in the “uveal”
chamber at 0.5 hour and at t hours, respectively. Co is the
initial drug concentration (0.25 mg/mL), A is the surface
area of exposed sclera (0.65 cm2). V is volume of the each
chamber (0.75 ml), and t is duration of steady-state flux
converted from hours to seconds. The term (CUt - CU0.5) /
t is the permeation rate of dextran across each excised
scleral piece (µg/hr).
The fluorescence of rhodamine-dextran was measured with a spectrofluorimeter at room temperature. The
excitation and emission wavelengths were 550 and 580
nm, respectively. Standard curves of fluorescence versus
concentration were obtained by serial dilution of rhodamine-dextran dissolved in diffusion medium (phenol
red–free Hank’s buffered saline solution).
Viability After Prolonged Exposure to Prostaglandins
To assess viability in vitro, scleral organ cultures were
incubated with 500 nM of each PG, the highest dose in
this study, for 1, 2, or 3 days. Ethidium-homodimer was
then added to the cultures to a final concentration of 1 µM
and the cultures were returned to the incubator for 30
minutes (Molecular Probes). As this dye cannot penetrate
living cells, it is only bound to the DNA of dead cells in
the cultures. The scleral cultures were rinsed with phosphate buffered saline without phenol red and then
exposed to 2% paraformaldehyde in phosphate buffered
saline for 10 minutes. The cultures were then permeabilized by passage through graded methanols (50%, 70%,
90%, 95%, and 100%), rehydrated, rinsed in phosphate
buffered saline, and exposed to 5 mM Sytox green for 15
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minutes. This stain cannot pass through the plasma membrane of living cells but readily stains DNA within dead
cells. The cultures were rinsed twice with (PBS). The cultures were then homogenized in PBS using a homogenizer. The homogenates were centrifuged and the supernatants were collected.
Cell viability in these samples was determined by first
measuring Sytox green fluorescence using a spectrofluorimeter (model SFM 25, Kontron, Zürich, Switzerland)
with the excitation and emission wavelengths set at 500
and 525 nm, respectively. The amount of ethidium homodimer was then measured using a 550 nm excitation wavelength. This wavelength excited ethidium homodimer at
83% of maximal efficiency, but minimally excited Sytox
green. The emission wavelength analyzed was 650 nm
because it retained 71% of maximal efficiency for ethidium
homodimer and eliminated greater than 99% of the crosstalk signal coming from Sytox green. The photomultiplier
voltage was optimized to 480 V to obtain all readings on 1
setting. The signals from the ethidium homodimer were
normalized with signals from the Sytox green by dividing
the ethidium homodimer results by the Sytox green
results. Positive (live) controls were fresh cultures not
exposed to any treatment, and negative (dead) controls
were cultures first treated with 2% paraformaldehyde for
10 minutes and permeabilized with graded methanols
before evaluation. The viability of each sample was determined by interpolation from a standard curve that was
generated by plotting positive and negative control values.
Scleral Hydration Analysis
Thirty scleral specimens were obtained from human eye
bank eyes for the determination of scleral hydration.
These studies were performed to ensure that maintaining
sclera in the Ussing perfusion system did not hydrate the
sclera, which may alter scleral permeability. Ten circular
scleral pieces from 3-day-old preparations were incubated
in DMEM/F-12 media only, or with media for 3 days followed by HBSS for an additional 4 hours. The preparations were then weighed by using an analytical balance
(accuracy, 0.0001 g, Mettler, Geissen, Germany), dried to
constant weight at 100°C for 24 hours, placed immediately in a tissue desiccator to cool for 30 minutes, and
reweighed. Another 20 circular scleral pieces from fresh
and 3-day-old moist chamber-stored globes perfused with
HBSS and without perfusion were used to evaluate potential effects of storage. The level of hydration in each piece
of sclera was calculated by the following equation:
mg H2O / mg tissue = (wet weight - dry weight) / dry weight.
MMP Immunosorbant Assays
At the conclusion of the 1- to 3-day incubations with PGs
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or vehicle, media samples were collected from the scleral
cultures for enzyme-linked immunosorbant assay
(ELISA) analysis. Measurements of MMP-1, -2, and -3
concentration were performed with commercially available ELISA kits (Biotrak, Amersham Pharmacia Biotech
Inc, Piscataway, NJ). These assays are based on a two-site
ELISA “sandwich” format, and detected both latent and
active MMPs. For the MMP-1 assay, purified MMP standards and samples were incubated in microtiter wells precoated with anti-MMP-1 antibody. The wells were then
washed, incubated with second polyclonal antibody to
MMP-1, washed, incubated with anti-rabbit horseradish
peroxidase, washed, and developed by tetramethyl benzidine. After development at room temperature, the
absorbency was measured at 630 nm using a microtiter
plate reader (SpectraMax 250, Molecular Devices,
Sunnyvale, Calif.). The procedures for the MMP-2 and
MMP-3 assays were the same except the antibodies were
to MMP-2 and MMP-3, respectively.
Statistical Evaluation
Experimental differences between control culture results
and a single treatment group were evaluated using the
Student t test. When results from several treatment
groups were compared to those of a single control, significance was evaluated using analysis of variance and the
Student Newman Keuls test. A P value less than .05 was
considered statistically significant.
4.

MEASUREMENT OF FIBROBLAST GROWTH FACTOR-2

PERMEATION

THROUGH

HUMAN

SCLERA

WITH

PROSTAGLANDIN EXPOSURE

These experiments were undertaken to determine
whether exposure of scleral explants to the PG analogue
latanoprost acid increases permeability to fibroblast
growth factor-2 (FGF-2) (also known as basic fibroblast
growth factor).
Human Scleral Tissue Explant
Eight pairs of human eyes from donors were obtained
from the San Diego Eye Bank. Donors had no history of
glaucoma or other ocular diseases. The mean age was 70
± 6 (mean ± SD) years old. Each pair of eyes was enucleated within 5 hours after death and immediately preserved in a moist chamber at 4°C. Apparently intact eyes
were selected and any eye showing scleral damage or thin
sclera (posterior staphyloma) was not used. Within 24
hours after preservation, the sclera was dissected and
placed into organ culture. Briefly, after incubation in
HBSS medium containing 50 U/mL of penicillin and 50
U/mL of streptomycin for 30 minutes, residual extraocular
muscles and orbital connective tissues were removed.
Sclera was dissected into 4 pieces to exclude the long ciliary

nerve and artery, insertion of muscles, or vortex veins in
each center area. Uveal tissue and retina were gently
removed with a cotton-tipped applicator. Scleral pieces
were placed into 12-well plates containing DMEM/F-12
supplemented with 1% fetal calf serum and 1 ng/mL
human recombinant FGF-2. The low concentration of
serum was used to minimize nonspecific increase of MMP
because serum contains various stimulating factors of
MMP synthesis. The explants were incubated at 37°C in a
humidified atmosphere of 95% air and 5% CO2.
Latanoprost Acid Pretreatment
To investigate the effect of latanoprost acid on the scleral
permeability, the culture medium was changed to fresh
medium supplemented with latanoprost acid (Cayman
Chemical Co). Tested concentrations included 50, 100,
and 200 nM, because the peak concentration in human
aqueous humor following topical application of a clinical
dose is ~100 nM.106 After 3 days exposure, the permeability assay was performed.
Scleral Permeability Analysis
After 3 days’ incubation, the scleral tissue was clamped
into the in vitro Ussing perfusion apparatus. Each chamber contained 0.75 mL of fluid. The 2 chambers were facing an opening of 9 mm in diameter and were held
together by a screw clamp. The scleral tissue was washed
twice in phenol red-free HBSS to remove culture medium
and carefully sandwiched to avoid vortex veins between
both chambers. Both chambers were tightly clamped to
avoid leakage of the medium. Each chamber had 3 ports
to fill and drain samples. Tested molecules included
human recombinant FGF-2 (16kD, R & D Systems,
Minneapolis, Minn) and 10 kDa rhodamine-dextran polymer (Molecular Probes). This dextran was included in the
analysis because it is stable in tissue, it has no physiologic
activity, and its transscleral movement has been previously characterized in normal sclera.64 Rhodamine-dextran or
FGF-2 was diluted in phenol red-free HBSS and applied
in the orbital side chamber. After checking that there
were no leaks in the uveal side chamber, phenol red-free
HBSS was filled in this side. After assembly of Ussing
chambers, the system was incubated at 37°C in a humidified atmosphere of 95% air and 5% CO2. The assay of
FGF-2 and dextran was dependently performed in the
same scleral tissue. After the intended time, each sample
was drained from the uveal side chamber and stored in a
light-protected box.
Measurement of Dextran
Rhodamine-dextran concentration in the HBSS collected
from the uveal side chambers was determined using a
spectrofluorimeter. The excitation and emission
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wavelengths were 550 and 580 nm, respectively. Standard
curves of fluorescence versus concentrations were
obtained by serial dilution of rhodamine-dextran dissolved
in phenol red-free HBSS. Each sample was immediately
measured 8 times, and the measurements were averaged.
Measurement of FGF-2 Concentration
FGF-2 concentration in the medium collected from the
Ussing chamber was measured using a sandwich enzyme
immunosorbent assay (R & D Systems). Optical density
was measured at 450 nm and 540 nm using a microtiter
plate reader (SpectraMax 250, Molecular Devices). To
correct for nonspecific variation, the absorbence value at
540 nm was subtracted from that of 450 nm. Standard
curves of absorbency versus concentrations were obtained
by serial dilution of standard purified FGF-2.
Permeability Coefficient Determination
Diffusion from the orbital chamber to the uveal chamber
was characterized by determination of a permeability coefficient (Pc), which is the ratio of steady-state flux to the
concentration gradient.64 In this study, the concentration
of agents in the uveal side chamber, CU, was less than 1%
of it in the orbital chamber, Co, thus the change of Co was
assumed to be under the limit of detection. Hence, the
permeability coefficient was calculated as follows:

(Fig 1). Minimal MMP-3 immunoreactivity was present
in the vehicle-treated eyes.
In the eyes treated with PGF2-IE, there was
increased MMP-1 and MMP-2 immunoreactivity in the
sclera when compared with the corresponding vehicletreated eye (Fig 1). Compared to the vehicle-treated
eyes, moderate MMP-3 staining also was observed in sclera of the treated eyes.
Densitometric Analysis
The intensity of immunostaining was assessed along 2
lines placed over the image of the sclera observed with an
imaging densitometer (Fig 2). Compared with the vehicle-treated eyes, there was increased MMP-1 immunoreactivity in all treated eyes (Table I). Table II shows the
combined scores for MMP-1, MMP-2, and MMP-3.
Overall, the optical density score for MMP-1 in the sclera
in the treated eyes was increased by 63 ± 35% (mean ±
SD). Similarly, the optical density score for MMP-2 was
increased by 267 ± 210%, and the MMP-3 optical density
score in the treated eyes was increased by 726 ± 500%. In

Pc (cm/sec) = (CUt-CU0)V/CotS
where CU0 and CUt are the concentration in the Ussing
chamber at 0 hour and at t hours, respectively. CO is the
initial drug concentration in the orbital chamber. V is a
volume of each chamber (0.75 mL), and t is a duration
time of steady-state flux converted the unit from hour to
second. S is the surface area of exposed sclera (0.65 cm2).
Statistical Evaluation
At least 7 experiments were performed on FGF-2 and
dextran at each concentration of latanoprost acid. Each
group was compared by using a Student’s t test. A P value
less than 0.05 was considered statistically significant. All
data are presented as mean ± SD.
RESULTS

1. MEASUREMENT OF SCLERAL METALLOPROTEINASES
(MMPS) AFTER TOPICAL PROSTAGLANDIN
Immunohistochemistry
In the vehicle-treated monkey eyes, moderate immunoreactivity for MMP-1 was observed in the sclera (Fig 1).
The distribution of MMP-2 immunoreactivity in the vehicle-treated eyes was similar with diffuse light staining
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FIGURE 1
Anterior-segment tissues comparing hematoxylin and eosin staining (A) with
MMP-1 immunoreactivity (B) containing sclera (s), ciliary body (cb),
Schlemm's canal (sc), and iris (i). Dark areas in panel B indicate MMP-1
immunoreactivity. Box in panel B indicates scleral region shown at high
magnification in panel C. D, Comparable area of sclera from eye that
received topical PGF2-IE shows increased MMP-1 immunoreactivity
(magnification: A  30; B  39; C and D  116).
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FP-specific product of 1,186 base pair (bp). Figure 3 shows
an ethidium-stained agarose gel with the PCR products
obtained from cDNA prepared using 3 different primer

FIGURE 2
Comparison of bright field image of anterior segment (A) with densitometry image (B) showing placement of 2 measurement lines over sclera.
Optical density along these lines was integrated and then mean optical density was determined by dividing the integrated score by the length of the
measurement line (magnification  56).

TABLE I: INCREASE OF MMP-1 IMMUNOREACTIVITY IN SCLERA OF
MONKEYS FOLLOWING

MONKEY

1
2
3
4
Mean ± SD

5

4

DAYS OF TOPICAL PGF2-IE TREATMENT

CONTROL EYE*

TREATED EYE*

0.0193
0.0219
0.0151
0.0229

0.0240
0.0458
0.0230
0.0386

0.0198 ± 0.0034

0.0328 ± 0.0112

%

INCREASE

24
109
51
68
63 ± 35

IE, isopropyl ester.
*Mean optical density.

TABLE II: MEAN INCREASE OF MMP IMMUNOREACTIVITY IN MONKEY
SCLERA FOLLOWING

MMP TYPE

MMP-1
MMP-2
MMP-3

5

DAYS OF TOPICAL PGF2-IE TREATMENT

ALTERNATE NAME

%

Interstitial collagenase
Gelatinase A
Stromelysin-1

INCREASE

(±

63 ± 35
267 ± 210
729 ± 500

SD)

P VALUE*

0.01
0.005
0.02

IE, isopropyl ester.
* P value by Student's t test; N=4.

each case, the increases in the treated eyes were statistically significant when compared to the vehicle-treated
eyes (Table II).
2.

FP RECEPTOR GENE TRANSCRIPTION AND PROTEIN

EXPRESSION IN HUMAN SCLERA

FP Receptor Transcripts in Human Sclera
To confirm that human sclera tissue contained mRNA that
encodes the prostanoid FP receptor, RT-PCR was performed with primers that were predicted to yield a

FIGURE 3
Reverse transcription–polymerase chain reaction (RT-PCR) of total RNA
isolated from human sclera tissue and amplified with specific primers for
human prostanoid FP receptor and for glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The products were separated by electrophoresis on a
1% DNA agarose gel. Standards (lanes 1 and 2) are 1 kilobase (kb) and 100
base pair (bp) DNA ladder (Gibco, BRL), respectively. Each reaction condition is represented. Lanes 3 (oligo DT alone), 4 (random primer alone),
and 5 (oligo DT+random primer) yielded the predicted product (1,186 bp)
after RT-PCR using total RNA isolated from donor sclera tissue, respectively. Lanes 6 (oligo DT alone), 7 (random primer alone), and 8 (oligo DT+random primer) represent the products obtained using specific primers for
GAPDH from the identical RNA sample. The predicted product (299 bp)
was obtained in each condition. The control (Gibco, BRL) for the cDNA
synthesis reaction also yielded the predicted product size (500 bp, lane 9).

conditions from total RNA isolated from a single donor eye
(lanes 1 through 3). Additionally, PCR products using
primers specific for GAPDH that were predicted to yield a
product of 299 bp were analyzed from the same cDNA
samples used for amplification of the FP receptor transcript
(lanes 4 through 6). The RT-PCR kit control was in vitro
transcribed RNA from the chloramphenicol acetyltransferase (CAT) gene that was engineered to contain a
3 poly(A) tail. Gene-specific primers used were predicted
to yield a CAT-specific product of 500 bp (lane 9). As
shown, products of the expected sizes were obtained in all
conditions with the RNA isolated from the donor sclera.
Because the primers used for the amplification of the FP
receptor mRNA were chosen to span an intron within the
FP receptor gene, the PCR products did not result from
the amplification of genomic DNA and are consistent with
the presence of mRNA encoding a human prostanoid FP
receptor.
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FP Receptor Protein in Human Sclera
Immunoreactivity for the FP receptor was observed within the cytoplasm of the scleral fibroblasts (Fig 4). The
intensity of this granular staining was similar throughout
the fibroblast processes that extended between the scleral collagen bundles. No staining of these collagen bundles
was observed.
3.

MEASUREMENT OF HUMAN SCLERAL PERMEABILITY

AND MMPS WITH PROSTAGLANDIN EXPOSURE

Scleral Permeability
Scleral permeability was measured by assessing the flux of
labeled dextrans across the scleral cultures in a Ussing
chamber. Dextrans of different sizes were evaluated to
model the potential differences among aqueous proteins
of different sizes. As shown in Fig 5, flux across the scleral cultures incubated without PGs was 1.5 x 10-6 cm/second for 10 kDa dextran, 0.7 x 10-6 cm/second for 40 kDa
dextran, and 0.4 x 10-6 cm/second for 70 kDa dextran.
Moreover, these fluxes did not change among cultures
incubated without PGs for 1, 2, or 3 days. In contrast,
incubation with PGF2 significantly increased the flux of
the 10 kDa tracer. These increases ranged from 21% to
124%, were dose-dependent, became larger as exposure
time increased up to 3 days, and were significant for all
concentration and tested time points (P<.05). The flux of
40 kDa dextran also increased with increasing PGF2 and

FIGURE 4
FP receptor immunoreactivity within human scleral fibroblasts (A, B) and
staining control (C, D). For each specimen, the bright-field image (A, C)
and the fluorescence image (B, D) are shown. Staining was similar throughout fibroblast processes that extended between the scleral collagen bundles.
Control sections were processed without exposure to primary antibody
(magnification, x280).
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exposure time; however, these increases ranged from 7%
to 21%. These permeability increases were statistically
significant only on day 3 in the case of 100 nM PGF2, but
were significant for 200 nM or 500 nM PGF2 on all 3
days. Similar to the 40 kDa dextran, the flux of 70 kDa
dextran increased with PGF2 dose and exposure time by
5% to 28%. These increases were significant with longer
treatments at 100 nM or 200 nM, and were significant
with 500 nM PGF2 on all 3 days.
Incubation of scleral cultures with 17-phenyltrinorPGF2 also increased permeability of the scleral organ cultures to the labeled dextrans. Permeability to the 10 kDa
tracer increased in a dose-dependent and time-dependent
manner from 5% to 183% (Fig 6). These increases were
significant for all conditions except 100 nM 17-phenyltrinor-PGF2 exposure for 1 day. Permeability to the 40 kDa
tracer increased in a dose- and time-dependent manner
from 4% to 31%. These increases were significant at all
concentrations tested on days 2 and 3. Permeability to the
70 kDa tracer increased from 9% to 24%. These increases
were significant at all concentrations and times measured.
Overall, the increases observed with 17-phenyltrinorPGF2 were similar to the increases observed with PGF2.
The exception to this was the larger permeability increase
observed at 3 days with 100 nM 17-phenyltrinor-PGF2
than with 100 nM PGF2. PhXA85 generally induced moderately larger increases in scleral permeability than PGF2
or 17-phenyltrinor-PGF2 (Fig 7). Flux of the 10 kDa tracer was increased by 45% to 213%. These increases were
dose-dependent, became larger as exposure time increased
up to 3 days, and were significant for all conditions. The
flux of 40 kDa dextran also increased with increasing
PhXA85 and exposure time; however, these increases
ranged from 6% to 41%. These increases were significant
for all conditions except 100 nM PhXA85 exposure for 1
day. Similar to 40 kDa dextran, the flux of 70 kDa dextran
increased with PhXA85 dose and exposure time by 13% to
48%. Also, these increases were significant for all conditions except 100 nM PhXA85 exposure for 1 day.
Viability of Sclera
Survival of cells in the organ culture was assessed by
measuring the exclusion of ethidium homodimer, a vital
stain that binds to DNA. The standard for maximal viability was freshly obtained donor sclera, and the standard for
complete loss of viability was donor sclera that had been
exposed to 2% paraformaldehyde prior to ethidium
homodimer exposure. As shown in Fig 8, viability for all
cultures was about 83% on day 1, 81% on day 2, and 80%
on day 3. Differences of viability among cultures exposed
to 500 nM PGF2, or 17-phenyltrinor-PGF2 were less
than 1% on all 3 days. This suggests that incubation with
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FIGURE 5
Scleral permeability after PGF2 exposure. Permeability determined by the transscleral movement of 10 kDa (A), 40 kDa (B), or 70 kDa (C) dextrans across
treated sclera. Values represent mean (( 10-6 cm/sec) ± SD. Asterisk indicates P<.05 by the Student Newman Keuls test (N=4).

FIGURE 6
Scleral permeability after 17-phenyltrinor-PGF2 exposure. Permeability determined by the transscleral movement of 10 kDa (A), 40 kDa (B), or 70 kDa (C)
dextrans across treated sclera. Values represent mean (( 10-6 cm/sec) ± SD. Asterisk indicates P<.05 by the Student Newman Keuls test (N=4).

FIGURE 7
Scleral permeability after PhXA85 exposure. Permeability determined by transscleral movement of 10 kDa (A), 40 kDa (B), or 70 kDa (C) dextrans across
treated sclera. Values represent mean (( 10-6 cm/sec) ± SD. Asterisk indicates P<.05 by the Student Newman Keuls test (N=4).
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FIGURE 8
Cell viability within organ-cultured human sclera incubated for 3 days with
vehicle, PGF2, 17-phenyltrinor-PGF2, or PhXA85. Concentration of
each prostaglandin was 500 nM. Values represent mean ± SD (N=4).

these PGs for 3 days had minimal influence on cell survival in the scleral cultures.
Scleral Hydration
To evaluate whether changes in scleral hydration occur
with the culture conditions, the water content in the scleral cultures was determined in scleral cultures exposed to
HBSS for 4 hours at room temperature, to complete culture medium for 3 days at 37°C, or to complete culture
medium for 3 days followed by 4 hours in HBSS. The
mean water content, or scleral hydration, of fresh sclera
was 3.05 ± 0.11 mg water/mg dry weight (N=5). As shown
in Fig 9, scleral cultures incubated 4 hours in HBSS alone,
in medium for 3 days, or in medium for 3 days followed by
4 hours in HBSS were insignificantly different from the
fresh cultures (P<.05, Student Newman Keuls test). This
indicated that these culture conditions did not alter hydration within the scleral cultures.
MMP Release Induced by Prostaglandin Treatments
One possible explanation for the observed increases in
scleral permeability following exposure to the PGs is
reduction in collagen content by MMPs. Hence, the
media of scleral cultures incubated with PGF2, 17phenyltrinor-PGF2 or PhXA85 were assayed for changes
in the concentration of MMP-1, MMP-2, and MMP-3.
Among cultures incubated in control medium for 1, 2, or 3
days, there were no significant changes in the concentration of MMP-1, MMP-2, or MMP-3 (Figs 10 through 12).
Evaluation of MMP-1 in the media of the treated cultures showed moderate increases in cultures exposed to
PGF2, 17-phenyltrinor-PGF2 or PhXA85 (Fig 10). These
increases ranged up to 37%, increased with time of
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exposure, and were significant only for the higher concentrations and longer incubation times examined. Overall,
there were slight increases of MMP-1 with increasing dose,
and the effects of the different PGs tested were similar.
In contrast to MMP-1, increases in MMP-2 were
much larger and ranged from 124% to 267% (Fig 11).
These increases were significant in every condition examined and showed marked increases with increasing time of
exposure. Overall, there were slight increases of MMP-2
with increasing PG concentration. The magnitude of the
effects was least with 17-phenyltrinor-PGF2, intermediate with PGF2, and greatest with PhXA85.
MMP-3 concentration also increased in the media of
cultures exposed to PGF2, 17-phenyltrinor-PGF2 or
PhXA85 (Fig 12). These increases ranged up to 96% and
were larger than seen with MMP-1 but smaller than seen
with MMP-2. These increases were clearly time-dependent, being generally insignificant on day 1 and significant
on days 2 and 3. Dose dependence was clearly present
with PhXA85 at every time point and less clear with
PGF2 or 17-phenyltrinor-PGF2.
4.

MEASUREMENT OF FIBROBLAST GROWTH FACTOR-2

PERMEATION

THROUGH

HUMAN

SCLERA

WITH

PROSTAGLANDIN EXPOSURE

Time Course Analysis
The time course of FGF-2 penetration of sclera within the
Ussing chamber was assessed by withdrawing a 40 µL
sample from the test side at 30-minute intervals. As
shown in Fig 13, the concentration increased linearly for
the duration of the experiment.

FIGURE 9
Evaluation of scleral hydration in fresh sclera, scleral organ cultures following incubation with Hank's balanced salt solution (BSS) for 4 hours (4hrsBSS), tissue culture medium for 3 days (3days-Medium), or in culture incubated in medium for 3 days followed by 4 hours in Hank’s balanced salt solution (3 days Medium + 4 hrs BSS). Values represent mean ± SD (N=5).
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FIGURE 10
Concentration of MMP-1 in the medium of scleral organ culture exposed to PhXA85 (A), PGF2 (B), or 17-phenyltrinor- PGF2 (C) for 1 to 3 days as determined by ELISA. Cultures analyzed were from cultures generated from a 76-year-old male donor, a 66-year-old male donor, and a 45-year-old female donor
(N=3). Values represent mean ± SD. Asterisk indicates P<.05 by the Student Newman Keuls test (N=4).

FIGURE 11
Concentration of MMP-2 in the medium of scleral organ culture exposed to PhXA85 (A), PGF2 (B), or 17-phenyltrinor-PGF2 (C) for 1 to 3 days as determined by ELISA. Cultures analyzed were from cultures generated from a 76-year-old male donor, an 80-year-old male donor, and a 66-year-old male donor
Values represent mean ± SD. Asterisk indicates P<.05 by the Student Newman Keuls test (N=3).

FIGURE 12
Concentration of MMP-3 in the medium of scleral organ culture exposed to PhXA85 (A), PGF2 (B), or 17-phenyltrinor- PGF2 (C) for 1 to 3 days as determined by ELISA. Cultures analyzed were from cultures generated from a 76-year-old male donor, a 66-year-old male donor, and a 45-year-old female donor.
Values represent mean ± SD. Asterisk indicates P<.05 by the Student Newman Keuls test (N=3).
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DISCUSSION

The limits of the possible are enlarged.
Ralph Waldo Emerson

FIGURE 13
Time course of FGF-2 concentration in receiving Ussing chamber fitted
with human sclera previously cultured for 3 days in control medium. Data
presented as mean ± SD (( 10-8 cm/sec). Increase in concentration with
time was linear (R2=0.91). Based on this, permeability was determined to
be 1.68 x 10-8 cm/sec. N=4 pairs of donor eyes. Mean age of donors was
67.5 ± 2.9 (SD) years.

In contrast to the sclera being “inert and purely supportive in function,”54 these studies clearly demonstrate that it
has the potential to be metabolically active, to be pharmacologically responsive, and to have other functions in addition to structural support. Moreover, PGs can directly
induce sclera to undergo structural modifications that
enhance transscleral permeability, a response that is likely
mediated by FP receptors on scleral fibroblasts. These
results may have important implications for the facilitation of macromolecule delivery to posterior segment tissues.
1.

TOPICAL PROSTAGLANDIN ADMINISTRATION REDUCES

SCLERAL COLLAGEN BY INCREASING SCLERAL METALLOPROTEINASES

FIGURE 14
Scleral permeability to FGF-2 after exposure to various concentrations of
PhXA85 for 3 days. Data presented as mean ± SD (x 10-8 cm/sec). Asterisk
indicates P<.05 by the Student Newman Keuls test. N=8 pairs of donor
eyes. Mean age of donors was 71.8 ± 6.9 (SD) years.

Dose Response Analysis
Increasing the concentration of latanoprost acid in scleral
explant cultures maintained for 3 days increased the permeability of both FGF-2 and 10 kDa dextran (Figs 14 and
15). FGF-2 permeability following 50 or 100 nM
latanoprost acid was increased by an average of 56 ± 77%
and 126 ± 120%, respectively (mean, ± SD, N=8). FGF2 permeability in sclera incubated with 200 nM
latanoprost acid was similar to sclera incubated with 100
nM latanoprost acid. In contrast, 10-kDa dextran permeability following 50, 100, or 200 nM latanoprost acid was
increased by an average of 50 ± 24%, 39 ± 19%, and 48 ±
24%, respectively. The ratio of FGF-2 to 10 kDa dextran
permeability ranged from 40-fold to 90-fold; however,
there was no clear relationship between the magnitude of
the ratio and the latanoprost acid dose.
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The quantitative immunohistochemistry results show that
topical treatment of monkey eyes with PGF2-IE
increased expression of MMP-1, MMP-2, and MMP-3 in
the sclera adjacent to the ciliary muscle. Increased MMP
biosynthesis could then reduce scleral collagens and other
extracellular matrix molecules after treatment with topical
PGF2-IE. This reduction has been previously confirmed
for collagen type I, collagen type III, and collagen type
IV.82 MMP-1 is known to hydrolyze a specific site found
in collagen types I and III.109,110 Likewise, MMP-2 is
known to hydrolyze specific sites found in collagen type
IV as well as in fibronectin. MMP-3 is known to hydrolyze
specific sites found in collagen types III and IV, as well as

FIGURE 15
Scleral permeability to 10 kDa dextran after exposure to various concentrations of PhXA85 for 3 days. Data presented as mean ± SD (x 10-6 cm/sec).
Asterisk indicates P<.05 by the Student Newman Keuls test. N=8 pairs of
donor eyes. Mean age of donors was 71.8 ± 6.9 (SD) years.
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in fibronectin and laminin. Hence, the observed increases in MMPs-1, -2, and -3 suggest a concerted response
leading to reduced scleral collagen. Other extracellular
hydrolases also are likely to participate in the reduction of
extracellular matrix. It should be noted that MMPs are
secreted as inactive pro-enzymes that are subsequently
activated by proteolytic truncation.111,112 Also, MMP activity is regulated by the presence of tissue inhibitor of
matrix metalloproteinases (TIMPs).113,114 Each of the antibodies used can recognize both the proenzyme and the
active enzyme. Thus, the magnitude of the increased
MMP activity may be less than the magnitude of the
increased immunoreactivity.
2.

FP RECEPTOR GENE TRANSCRIPTS AND PROTEIN ARE

PRESENT IN HUMAN SCLERA

As the biologic activity of a drug is often mediated by a
specific receptor, the observation of FP receptor transcripts and protein within human sclera suggests that FP
receptor agonists can directly activate these receptors and
initiate physiologic and pharmacologic responses. The
predominant cell type in the sclera is the scleral fibroblast.
Also present are vascular endothelial cells within the penetrating blood vessels. Scleral fibroblasts are interspersed
among the collagen layers that make up the scleral stroma
and biosynthesize scleral collagen. The immunohistochemical results in these studies confirm that FP receptor
in sclera is present on the scleral fibroblasts. Cultured
fibroblasts from other tissues are known to increase their
production of MMPs following stimulation with certain
peptides.115-117 Hence, it is highly plausible that exposure
of scleral fibroblasts to FP agonists may promote their
biosynthesis of MMPs. The second cell type is the vascular endothelial cell of blood vessels penetrating the sclera.
FP receptors have been detected in association with other
ocular blood vessels.90 However, previous studies indicate
that specific FP receptor agonists have minimal effects on
the permeability of intraocular blood vessels.118,119
3.

PROSTAGLANDIN EXPOSURE INCREASES HUMAN SCLE-

RAL PERMEABILITY AND MMPS

Pharmacologic considerations of the permeability and
MMP changes observed with the tested PGs further support involvement of FP receptor activation. The concentrations of PGF2 and 17-phenyltrinor-PGF2 tested were
greater than the EC50 for activation of the FP receptor.105
It is possible that, if present, EP1 receptors also may have
been activated by the PGF2 or 17-phenyltrinor-PGF2
treatments in this study as EC50’s for these agonists are 320
nM and 650 nM, respectively.105 However, the response to
PhXA85 is likely to reflect FP receptor activation, for

which the EC50 is 100 nM, and not activation of EP1 or
other PG receptors. The EC50 concentrations for PhXA85
activation of PG receptors other than the FP receptor are
at least tenfold higher than the highest PhXA85 concentration tested.105 Hence, it is likely that the increased
MMPs observed in the PG-treated scleral cultures were
released by FP-receptor-mediated activation of scleral
fibroblasts. These MMPs would be well positioned to initiate collagen remodeling within the scleral stroma that
enlarged intrascleral supramolecular passages and thereby
facilitated transscleral protein permeability. As the
MMPs in the present experiments could accumulate in
the closed culture system, whereas they might dissipate
upon secretion in situ, the concentration of the MMPs
measured may be greater than the concentrations that
might occur in scleral interstitial fluid in situ.
The studies of dextran permeability indicate that PGs
directly increase the permeability of human sclera in
organ culture. This increase in permeability is accompanied by increased release of MMPs from scleral tissue.
These changes are consistent with the reduced collagens
observed in monkey sclera following topical PG treatment
and suggest that remodeling of the scleral extracellular
matrix may explain the increased permeability. Hydration
analysis indicates that this response does not reflect any
alteration of scleral hydration. Viability analysis indicates
that this response is not associated with altered cell survival in the experimental system, nor is there any evidence
of toxicity due to the PG treatments. These permeability
changes are likely to be normal physiologic responses, as
they are both dose- and time-dependent. That the PG
treatments also increased release of MMP-1, MMP-2, and
MMP-3 in these cultures suggests that the permeability
changes may reflect a direct response of scleral tissue to
PG exposure and that the mechanism of increased transscleral permeability likely reflects intrascleral collagen
remodeling. This proposed model is well supported by
the findings of Dan and Yaron,76 who observed increased
flow of saline across bovine sclera and thinning of rabbit
sclera in response to focal application of clostridial collagenase, an MMP-1 analogue.
The permeability relationships of the various sizes of
labeled dextran observed in the present control scleral
cultures is similar to the permeability relationships64 of
these tracers previously observed in sclera freshly dissected from donor eyes. For example, the present study
found that permeability of the 40 kDa dextran through the
scleral organ cultures was 1.7-fold less than that of 10 kDa
dextran. This is similar to the previous observation that 40
kDa dextran permeability is 1.4-fold to 3.8-fold less than
10 kDa dextran in freshly dissected sclera.64 Likewise,
the present observation that permeability of 70 kDa dextran in the scleral organ cultures was 3.7-fold less than
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that of 10 kDa dextran is similar to the previous observation that 70 kDa dextran permeability was 2.6-fold to 4.2fold less than 10 kDa dextran permeability in freshly dissected donor eye sclera.64 These similarities suggest that
hydrodynamic constraints to macromolecule movement
through the scleral organ cultures were similar to freshly
dissected donor sclera. Hence, the scleral cultures represent a reasonable model system in which to study modulation of transscleral macromolecule movement by PGs.
The greater increase in 10 kDa dextran permeability
through PG-treated scleral cultures than was observed
with 40 kDa or 70 kDa dextran suggests that PGs may
alter the size of intrascleral supramolecular passages.
Scleral collagen fibrils are organized into bundles that
vary in their organization according to position near the
outer or inner wall of the sclera.50-52 Overall, the bundles
vary in width and thickness, often give off branches, and
intertwine with each other. At the outermost layers, there
is substantial irregular intermingling of collagen fibrils in
adjacent bundles. Like sclera, synthetic hydrogels contain
substantial water content and long polymer units characterized by chemical cross-links and polymer entanglements.120,121 Within pH-sensitive hydrogels, lower pH
increases the size of pore channels through the matrix,
while higher pH causes the gel network to swell with a
resulting increase in the size of pore channels. Analysis of
a pH-sensitive hydrogel confirmed that protein permeability is enhanced under conditions that increase the size
of the pore channels.121 Moreover, the magnitude of the
permeability increase was greater with lower-molecularweight proteins than with higher-molecular-weight proteins. This relationship among protein size, macromolecule permeability, and pore size also has been seen in
hydrogels in which pore size was altered by changing the
size of polymer subunits used to synthesize the hydrogel.121 Hence, the greater permeability increases with the
smaller dextran tracers that was observed in the PG-treated scleral cultures is consistent with enlargement of the
intrascleral supramolecular passages.
The mechanism of increased permeability within the
PG-treated scleral cultures is suggested by the increased
amounts of MMP-1, MMP-2, and MMP-3 detected within the medium of the treated scleral cultures. Sclera contains collagen types I, III, VI, VIII, XII, possibly a small
amount of collagen type V, as well as fibronectin.56,122-126 Of
these extracellular matrix components, MMP-1, MMP-2,
and MMP-3 are known to cleave sites within collagen
types I, III, V, and fibronectin.85,127 Increased MMP-1,
MMP-2, MMP-3, and MMP-9 has been found in cultures
of human ciliary smooth muscle cells exposed to PGF2,
17-phenyltrinor-PGF2, and PhXA85.107,108 These treatments also induce reorganization of collagen type I, collagen type III, laminin, and collagen type IV within the
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human ciliary muscle cultures.128,129 Hence, increased
MMPs within sclera are likely to mediate reduction of
scleral collagens.
4.

TRANSSCLERAL PERMEATION OF FIBROBLAST GROWTH

FACTOR-2 IS INCREASED WITH PROSTAGLANDIN EXPOSURE

The present results also indicate that exposure of human
sclera to latanoprost acid, a prostaglandin analogue,
increases FGF-2 permeability. This increase is dose
dependent and increases with increasing exposure times.
It is likely to reflect increased general permeability as it
parallels increased permeability to 10 kDa rhodaminelabeled dextrans.
The greater permeability of 10 kDa dextran may be
related to binding of FGF-2 to molecules within the sclera. These molecules include collagen types I, III, V, VI,
and VIII and the glycosaminoglycans (GAGs) chondroitin
sulfate, dermatan sulfate, keratan sulfate, heparan sulfate,
and hyaluronan.57,58 Much of the chondroitin sulfate, dermatan sulfate, and keratan sulfate may be covalently
linked to the proteoglycans decorin, biglycan, and aggrecan.58 Immunoreactivity of each of these proteoglycans is
distributed throughout the thickness of sclera.58 It is well
established that FGF-2 strongly binds to heparan sulfate
(Kd=0.34 µM).130 Recently, it has been shown that FGF2 also can bind to dermatan sulfate (Kd=2.5 M).131 As
each of these GAGs is present within sclera, it is possible
that binding of FGF-2 to these extracellular matrix components could impede the movement of FGF-2 through
the sclera.
Increased transscleral permeability to FGF-2 following PG treatments suggests that cotreatment with PGs
could facilitate the use of FGF-2 to enhance survival of
retinal neurons in glaucoma and other eye diseases.
Previous studies have shown that FGF-2 can promote
neuronal survival in vitro and in vivo.132,133 Beneficial
effects were observed with concentrations as low as 20
pg/mL. Moreover, intraventricular infusion of FGF-2 can
promote neuronal survival following experimental axotomy, ischemia, neurotoxin treatment, or contusion of brain
or spinal cord tissue.134-136 However, infusion of FGF-2 can
stimulate responses in many other tissues besides neural
tissues that may be either beneficial or detrimental to the
desired neural tissue response. There also may be specific requirements for additional factors in the case of retinal
ganglion cells.137 Further, systemic infusion of FGF-2 also
can stimulate responses in many nonneural tissues that
may be either beneficial or detrimental to the desired
neural tissue response.138 Hence, the ability to enhance
scleral penetration of FGF-2 using PGs may allow a smaller concentration of FGF-2 to be delivered directly to the
eye with consequent reduction of systemic absorption.
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SIGNIFICANCE

OF

INCREASED

PERMEABILITY

FOR

INTRAOCULAR DRUG DELIVERY

Assessment of drug diffusion in vitro permeability studies
is a useful approach in the field of ocular pharmacokinetics to estimate drug movement for in vivo conditions.
Intraocular absorption of a drug is directly related to the
transport characteristics of absorptive tissues of the eye,
such as the sclera. The increased scleral permeability following PG exposure may have implications for facilitating
delivery of therapeutics to the posterior segment of the
eye. For example, growth factors that may facilitate retinal neuron survival range from 10 kDa to 40 kDa (Table
III).1,16,139 Because of their size, these molecules cannot
readily cross the cornea. Hence, a noncorneal absorption
route through sclera may facilitate usefulness of such
therapeutics.
It may not be sufficient only to increase scleral permeability to large molecules, as there also may be other
limiting factors for drug absorption in the posterior segTABLE III: MOLECULAR WEIGHT AND SIZE OF
SEVERAL NEUROTROPHIC PROTEINS

MOLECULE

Fibroblast growth factor–2 (FGF-2)
Ciliary neurotrophic factor
Nerve growth factor-
Brain-derived neurotrophic factor (dimer)
Neurotrophin-3 (dimer)
Neurotrophin-4 (dimer)

MOLECULAR

MOLECULAR

WEIGHT

RADIUS

(DA)

(NM)*

18,000
22,800
26,000
27,200
27,200
28,000

2.1
2.3
2.5
2.5
2.5
2.5

lial cells and transiently facilitate macromolecular movement from the suprachoroidal space to the retina.17,145
While the blood vessels in the optic nerve head, by
virtue of tight junctions, have a blood-optic nerve barrier,
it is significant that the optic nerve head itself is not
thought to possess a blood-ocular barrier.147,148 The border
tissue of Elschnig (separating the peripapillary choroid
and optic nerve head) allows choroidal interstitial tissue
fluid to leak into the optic nerve head from the peripapillary choroid. Horseradish peroxidase (42 kDa) can enter
the monkey optic nerve head from blood.148 Glial cells at
the edge of the optic disc form a barrier that prevents the
spread of peroxidase into the retina.
Despite these possible limitations, the prospect of
increased transscleral permeability by PG cotreatment
may allow sufficient transscleral transport to provide
delivery of therapeutics to posterior segment tissues in
concentrations not otherwise possible. This may be particularly important for glaucomatous eyes, as elevated
intraocular pressure may reduce scleral permeability, particularly for macromolecules.81 Besides being important
for macromolecule delivery to the posterior segment,
transscleral fluid movement through scleral stroma may
be important for uveoscleral outflow. Further study is
needed to determine if PG-induced increases in transscleral permeability contribute to increased uveoscleral
outflow facility and decreased intraocular pressure
observed following topical PG treatments.
CONCLUSION

*Estimated.

Now this is not the end. It is not even the beginning of the
end. But it is, perhaps, the end of the beginning.
Winston Churchill

ment. Orbital clearance, intraocular pressure, uveoscleral outflow, and choroidal blood flow might each limit drug
access to the target tissues. Blood-ocular barriers, especially the blood-retinal barrier, also may be important.140-144
However, the integrity of the blood-ocular barriers can be
disrupted under certain conditions.17,145,146 As an example,
fluorescein (MW, 376) particles that are not bound to
albumin can pass through the spaces between the
endothelial cells of the capillaries of the choriocapillaris,
but normally they cannot leak through the retinal pigment
epithelium and zonula occludens between adjacent retinal
pigment epithelial cells. Fluorescein in the choroid cannot enter the neurosensory retina unless there is a defect
in the retinal pigment epithelium. Therefore, if the tight
junctions of the blood-retinal barrier preclude retinal
drug absorption of a transsclerally delivered drug, it may
be possible to minimally damage retinal pigment epithe-

The sclera is not inert, but metabolically active. PG treatment can increase scleral MMPs and facilitate transscleral permeability. This can promote the transscleral movement of molecules as large as 70 kDa and may enhance
transscleral delivery of a number of different ocular drugs.
Several findings reported here provide support for a
series of cellular and molecular events that could explain
the mechanism of this response. These findings include
observation of a concomitant increase in the amount of
MMPs within the sclera of PG-treated monkey eyes, the
presence of FP receptor and protein within human sclera,
increased MMPs within the medium of human scleral cultures incubated with PGs, and increases in the amount of
FGF-2 permeation within human scleral cultures exposed
to increasing concentrations of latanoprost acid.
Decreased collagen type I and III has been observed previously in monkey sclera and ciliary muscle following
repeated topical PG treatment.82 Moreover, induction of

339

Weinreb, Thesis 11/9/01 11:30 AM Page 340

Weinreb
c-Fos, MMP synthesis, and collagen reduction in ciliary
muscle cell cultures exposed to PGs also have been
described.128,129,149 Together, these observations suggest a
cellular mechanism for the increased transscleral permeability occurring with PG exposure. As summarized in Fig
16, a PG diffuses into the scleral stroma following topical
or periocular treatment. Within the sclera, it then binds
to FP receptors on scleral fibroblasts. This triggers a cascade of molecular events that increase MMP gene tran-

the postmortem human eyes. Finally, I would like to
acknowledge Hilda Krestyn, whose administrative and
organization support are unparalleled.
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FIGURE 16
Model of FP receptor agonist action on sclera that results in increased
transscleral permeability. FP receptor agonists (indicated by PG) can gain
access to sclera either via topical drops (in which the PG is linked to an ester
group to enhance transcorneal permeability), and then travel to sclera by
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