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This investigation was designed to characterize age

related changes in corneal function and biochemical 

structure. The specific aims were to: 1) systematically 

assess changes in permeability to compounds of different 

molecular weights and lipophilicities, 2) examine 

differences in tissue binding by utilizing a theoretical 

transport model, and 3) evaluate the biochemical changes in 

lipid composition and distribution. 

Experiments to compare young (six weeks) versus old 

(three to four years) rabbit corneal permeability were 

carried out utilizing an in vitro diffusion model. Changes 

in corneal transmembrane resistance, permeability to various 

compounds, and metabolic capability were examined by various 

analytical techniques. In addition, a theoretical 

penetration model which took into account stromal binding 

was studied. corneal lipid composition and distribution were 

assessed by HPLC and GC. 

Permeabilities of selected compounds with different 

physicochemical properties were evaluated in young and old 

intact and denuded (wounded) rabbit corneas. With age, the 
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membrane permeability significantly decreased in parallel 

with an increase in transmembrane resistance. Age-related 

changes in activities of esterase and phosphatase were also 

found. For some compounds, the aged corneas exhibited longer 

lag times in penetration studies. This suggested that the 

binding constant in the cornea from older animals was higher 

than in young animals. Maximum binding capacity from 

theoretical model calculations correlated well with 

experimental results in the young corneal stroma but 

correlation was less rigorous for old corneal stroma. Age

related changes in lipid composition and distribution in 

corneas were observed and provide indirect evidence for a 

decrease in membrane fluidity (decrease in the ratio of 

phosphatidylcholinejsphingomyelin). in the aged cornea. 

Results indicate that the aging process in the cornea 

is associated with changes in biochemical structural matrix 

including membrane lipid composition and physical properties 

such as fluidity (microviscosity). Functional correlations 

include changes in: 1) transmembrane resistance, 2) membrane 

permeability, 3) enzymatic activities (esterase and 

phosphatase), and 4) binding properties of the cornea. A 

possible mechanism for understanding and developing an 

intervention for aged-related changes in the cornea is 

postulated. 
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CHAPTER I 

INTRODUCTION 

It is becoming very important to understand the effect 

of aging on ocular tissues. More people are living longer 

and ocular diseases are generally an affliction of the 

elderly (Young, 1992). Degenerative ocular diseases are 

generally described as being caused by or related to the 

aging processes. Age related cataract and macular 

degeneration are the major causes of blindness among the 

elderly. Therefore, as the population grows older, more 

ocular therapy will be needed. 

The present study focuses on the effects of aging in 

the cornea since the majority of topically applied 

substances enter the eye by passing across the cornea 

(Benson, 1974). This chapter is divided into three sections: 

1) Aging and its related membrane changes, 2) Cornea, 

corneal structure and membrane permeability, and 3) The 

purpose of this study. 

Aging 

Aging is a complex process that leads to many 

alterations involving major biological functions of 

physiological, biochemical and immunological importance. 

Aging appears to affect every tissue, organ, and 
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physiological function of an organism. There are two major 

theories of aging: the programmatic theory states that aging 

is an inherent genetic process, while the stochastic theory 

states that aging represents random environmental influences 

which result in wear and tear during the life span. Work on 

changes in membrane function, protein synthesis, DNA 

structure has lead to the conclusion that aging, at least in 

part, is a programmed process (Cutler, 1984). The 

physiological age-related changes are quite different; cells 

in different organs age at different rates, at different 

times and in different ways. Some investigators proposed 

that true age changes may be more easily demonstrated in the 

apparently younger cells than in older ones (Watkin, 1982 

and Cutler, 1984). 

It is believed that the aging process is associated 

with oxygen free radical reactions which lead to lipid and 

protein peroxidation (Hegner, 1980 and Wahnon, 1989). Such 

reactions can promote crosslinking interactions in the lipid 

and protein moieties of the membrane, thereby contributing 

to changes in membrane properties. Several investigations 

(e.g., Shinitzky, 1984; Hamm, et al., 1985 and Keelan, et 

al., 1985) have suggested that age-dependent deterioration 

in cell functions can be related to molecular and functional 

changes in the properties of biological membranes. 

Membrane integrity is a fundamental prerequisite for 

cellular homeostasis, and its structural intactness is a 





prerequisite for optimal biological functioning of cells. 

The inseparable relationship between structure and function 

has been the subject of several studies (e.g., Hegner, 1980 

and Yu, et al., 1992). 

3 

Recently, attention has been devoted to the age

dependent changes in membrane function and composition. 

Peroxidation of membrane components seems to be an ongoing 

physiological phenomenon in vivo and is cumulative with age 

(e.g. accumulation of lipofuscin in the central nervous 

system- Hochstein and Jain, 1981, Wolf, 1993). Lipid 

peroxidation increases with age due to the increased 

production of oxygen radicals (Schroeder, 1984). Lipid 

Peroxidation results in a change in lipid composition and a 

direct or an indirect decrease of lipid-dependent enzyme 

activities and transport capacities (Dobretsov, et al., 

1977). Receptor losses are at least 50-70% over the 

lifespan, while enzyme activities decrease about 25% (Roth, 

1979). 

Membrane Lipids 

Membrane functions are influenced by the composition 

and physical state of lipids. The physicochemical properties 

of membrane lipids are largely governed by the nature of the 

fatty acid and phospholipid components. In biological 

membranes at physiological temperature, the bulk of lipids 

are in a liquid-crystalline phase in which the lipid 

hydrocarbon chains are relatively fluid (Zelenka, 1984). The 
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liquid-crystalline state is distinguished from a gel phase 

in which the hydrocarbon chains are rigid and closely 

packed. The liquid-crystalline fluid state of a biological 

membrane (membrane fluidity) is an essential condition for 

maintenance of different plasma membrane functions (Hegner, 

1980), including membrane proteins such as receptors, 

enzymes, and ion channels, which are highly sensitive to the 

lipid environment. 

Membrane lipids play a primary role in age-related 

changes in membrane function through alterations in lipid 

and phospholipid content and distribution, one of the major 

changes typical of aging in mammals. Lipid changes cause a 

rigidification of biological membranes, a dynamic parameter 

which influences the lateral mobility and organization of 

membrane components and domain structure. Accordingly, 

alterations in membrane lipid affect the biology of cells, 

tissues, organs, and the whole animal to a considerable 

extent (Marin, et al., 1990). 

Membrane Fluidity 

Membrane fluidity is the dynamic physicochemical 

property of membranes and is important in regulating the 

sequence of events involved in such processes as signal 

transduction (Loh and Law, 1980; Shinitzky and Henkart, 

1979). Plasma membranes are approximately as viscous as 

honey. The lipid bilayer is being held together by strong 

hydrophobic bonds that permit diffusional and rotational 
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movement within the membranes. The viscosity determines the 

availability of diffusible membrane components such as 

receptors and channels. The maintenance of a constant 

membrane lipid fluidity (microviscosity) within precisely 

determined limits has been identified as a necessity for 

proper functioning of almost all types of cells (Shinitzky, 

1984). 

5 

The main factors that determine the fluidity of 

membrane lipids are: 1) the ratio of phosphatidylcholine to 

sphingomyelin (Svhinitzky and Barenholz, 1974; and Antonian, 

et al., 1987); 2) the ratio of cholesterol to phospholipid 

(Hegner, 1980); and 3) the interaction between the fatty 

acid side chains of membrane phospholipids (Watson, et al., 

1975; and Janki, et al., 1975). An unidentified homeostatic 

mechanism regulates membrane fluidity, mainly by adjusting 

all of these factors. 

Phosphatidylcholine and sphingomyelin constitute more 

than 50% of the phospholipids in most mammalian membranes 

(Figure 1). Sphingomyelin is chemically more stable than 

glycero-phospholipids (phosphatidylcholine). The high degree 

of saturation of the acyl side chains, as well as the trans 

double bond and the amide bond in the hydrophilic region of 

sphingomyelin, contribute to the rigidifying nature of 

membranes. In contrast, phosphatidylcholine forms highly 

fluid lipid regions (Zelenka, 1984). Aging is characterized 

by a substantial increase in the membrane sphingomyelin/ 
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Figure 1. Chemical structures of (A) phosphatidylcholine and 

(B) sphingomyelin. Phosphatidylcholine is derived from 

glycerol. Sphingomyelin is derived from sphingosine and its 

residues pack tightly into the outer leaflet of the 

phospholipid bilayer, producing a membrane with low fluidity 

{Stryer, 1988). 
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phosphatidylcholine ratio and a decrease in membrane 

fluidity (Eisenberg et al., 1969, Antonian et al., 1987, 

Marin et al., 1990). 

8 

Due to the chemical structure, cholesterol prevents the 

transmission of motion in one fatty acid chain to its 

neighbor. The dampening of the cooperative motion of chains 

causes the changes in the membrane to remain relatively 

local. Thus, membranes with high cholesterol content do not 

undergo sharp phase transitions (from gel state to liquid 

state). 

The interactions between the fatty acid side chains 

increase with increasing chain length and are hindered by 

the presence of double bonds which prevent close contacts 

between the acyl chains. The hydrocarbon chains of 

unsaturated fatty acids exhibit more freedom of motion due 

to their cis configuration of the double bond. Thus, high 

concentrations of long chain saturated fatty acids tend to 

form a more rigid lipid matrix. 

Overall, membrane fluidity affects the accessibility of 

surface receptors to external ligands and modulates 

subsequent signal transduction by either the activation of 

adenylate cyclase or the microaggregation of ligand-receptor 

complexes. Lipid fluidity is important in changing membrane 

permeability, osmotic fragility, and the activity of certain 

membrane-bound enzymes and transport systems. 
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At the cellular level, reactive oxygen species have 

been found to be responsible for alterations in membrane 

fluidity by reacting more readily with unsaturated 

phospholipids. A rise in superoxide radical (SOR) levels was 

found with age (Hegner, 1984). SOR formation appears to be 

enzyme-mediated. Elevated levels of this oxygen radical 

could be involved in membrane breakdown in older animals. 

The rise in the SOR formation in the membrane was associated 

with an increase in lipid peroxidation, a decrease in 

membrane fluidity, and an elevation in cathepsin B activity 

in the brain and liver (O'Brien, 1987). 

Aging of Biological Membranes 

Several investigations have suggested that age

dependent deterioration in cell functions can be related to 

molecular and functional changes in the properties of 

biological membranes (Calderini, et al., 1983; Gastaldi, et 

al.; and Hegner, 1980). During tissue aging, cellular 

metabolic processes slow down. Aged cells compensate for 

their reduced ability to carry out normal processes by 

accumulating lipids, particularly cholesterol and 

sphingomyelin in their membranes. Consequently, the CHOL/PL 

and SPH/PC increase. These increased ratios result in 

decreased membrane fluidity (Antonian et al., 1987). Several 

alterations in lipid composition are known to occur with 

aging and are likely to reduce the membrane fluidity: a 

decrease in the degree of fatty acid unsaturation, an 
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increase in the content of cholesterol, and an increase in 

the content of SPH and thereby in the SPH and PC ratio. 

The age-related changes in membrane lipid composition 

and fluidity appear as a constant finding and have been 

observed in a variety of tissues such as intestinal brush 
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border (Wahnon, et al., 1989), lymphocytes (Huber, et al., 

1991), liver cells (Benedetti, et al., 1988), red blood 

cells (Prisco, et al., 1991), macrophages (Alvarez, et al., 

1993), erythrocytes (Tozzi-Ciancarelli, et al., 1989 and 

Martin, et al., 1990), and brain (Kessler, et al., 1985), in 

humans as well as in experimental animals. For example, the 

phospholipid content in red cell membranes of old donors is 

significantly lower than in young ones. Cholesterol and 

fatty acid compositions show no difference between young and 

old donor groups; however, the phospholipid/cholesterol 

ratio is decreased with age. This is associated with 

decreased membrane fluidity, a decrease of Na+-K+-ATPase 

activity, and a change in ion permeability (Hegner et al., 

1979) • 

In rat brain, microsome membrane properties also 

undergo changes with increasing age (Calderini, et al., 

1983, Lepagnol, et al., 1993). The rates of 

phosphatidylethanolamine (PE) and phosphatidylcholine (PC) 

synthesis, via COP-choline metabolism decrease as a function 

of age. Conversely, the synthesis of PC through the 





enzymatic methylation of PE appears to increase as a 

function of age (Figure 2). 

In rat liver, the amount of phospholipids are 

significantly lower in old compared to young rats. The 

11 

cholesterol content of plasma membranes increases during 

aging, thereby decreasing lateral diffusion and fluidity. 

The unsaturated fatty acid chains of rat plasma membranes 

decrease during aging. Old rat liver plasma membrane lipids 

show a decrease in membrane fluidity, resulting in a 

decrease in transport of cholic acid and thymidine as well 

as lipid carrier-mediated transport. In addition, the 

diffusion coefficient of cholic acid shows a significant 

decline with age (Hegner, 1980). 

Immune function is another system that decreases with 

age. A decrease in membrane fluidity of lymphocytes has been 

closely associated with the decline in lymphocyte function 

during aging (Alvarez, et al., 1993). 

The function of membrane bound proteins is known to be 

intimately associated with the dynamic state of the membrane 

lipids (Hegner, 1980). In recent years it has been suggested 

that aging might be accompanied by a decrease in membrane 

fluidity and in the function of membrane bound proteins 

(Wahnon, et al., 1989; Miyamoto, et al., 1990; and Yegutkin, 

et al., 1991). overall, in aging tissue, the systems 

concerned with the maintenance of membrane fluidity become 

less efficient, and the membrane lipid layer becomes 
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Figure 2. Chemical pathways for synthesis of 

phosphatidylcholine from (A) COP-choline and (B) methylation 

of phosphatidylethanolamine (Stryer, 1988). 
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progressively more viscous. Membrane fluidity is directly 

involved in diffusion. As a result of aging, passive 

membrane processes that relate to physiologic activity are 

retarded. Thus, a study of the effects of aging on corneal 

membrane properties can reveal if the cornea, like other 

systems in the body, is affected by the age-related changes. 

Corneal Anatomy and Physiology 

For most compounds derived from the tears and topically 

delivered pharmaceuticals to reach tissues in the anterior 

portion of the eye, they must first cross the cornea. The 

cornea consists of three major cellular layers: the 

epithelium, the stroma, and the endothelium (Figure 3). 

Unique anatomic features include the absence of blood 

vessels and pigment in the cornea, the regular arrangement 

of the epithelial and endothelial cells, and the scarcity of 

cell nuclei in the stroma. The cornea is transparent, richly 

innervated, and resistant to deformation and infection 

(Maurice, 1984). 

The cornea serves as the major light refractor of the 

eye. Ninety-eight percent of incident light is transmitted 

by the cornea. The transparency of the cornea is due to: 1) 

its anatomic structure, including the smoothness of the 

epithelium, the lack of blood vessels, and the arrangement 

of the collagen, cells, and ground substance; 2) the tight 

junctions of the epithelial cells that are not permeable to 

aqueous solutions; and 3) the dynamic balance between ions 
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Figure 3. Cross-sectional view of the cornea depicting the 

three major anatomical layers of the cornea (Maurice, 1984). 

The epithelium, stroma, and endothelium also serve as major 

barriers to the penetration of molecules across the cornea. 

Bowman's layer is the collagen and ground substance lying 

immediately beneath the corneal epithelium in human and 

primate, but not in rabbit (Friend, 1994). 
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and water in the stroma that is maintained by an endothelial 

pump mechanism that controls corneal dehydration (Maurice, 

1984). These structural features (chemical composition, 

state of metabolism, and hydration) are important in 

maintaining transparency. The nutrition of the central 

cornea depends on substances that enter through either the 

endothelium (single cell layer) from the aqueous humor or 

the epithelium (multilayers) through the tears. The cornea 

requires energy to maintain its degree of hydration, to 

provide its metabolic needs, and to provide for epithelial 

cell renewal. Energy in the form of adenosine triphosphate 

is provided by the metabolism of glucose (Friend, 1994). The 

epithelium is the site of most of the metabolic activity in 

the cornea as it contains 15 to 20 times more cells than the 

stroma or endothelium. Disease or injury to the epithelium 

or endothelium causes corneal edema. Damaged epithelium 

rapidly replicates itself and the swelling is therefore 

transient. In contrast, the endothelium does not replicate, 

and the existing cells increase in size to cover the defects 

(Wigham and Hodson, 1987). 

The cornea acts as a primary biological barrier to the 

entry of foreign compounds into the eye (Maurice and 

Mishima, 1984). The epithelial and endothelial layers are 

lipophilic in nature, allowing lipid soluble compounds to 

pass more readily than hydrophilic compounds. Due to the 

presence of intercellular tight junctions, the epithelium 





s. 

18 

provides a more effective barrier than the endothelium. In 

contrast, the stroma is an hydrophilic extracellular matrix 

sparsely populated with keratocytes composed of 80% water, 

which is readily penetrated by hydrophilic compounds. Thus, 

in general, compounds must exhibit biphasic or differential 

solubility characteristics in order to cross the cornea 

(Havener, 1978). In addition, all three layers are 

penetration barriers for high molecular weight compounds 

(especially greater than 500 Daltons) (Pepose and Ubels, 

1992). In general, when a compound comes in contact with the 

eye, only a small percentage of it penetrates the cornea. 

[The amount of compound able to penetrate the cornea is the 

first step in determining intraocular pharmacologic drug 

action (Doane et al., 1978).] 

Due to the unique nature and physiological importance 

of these three layers of the cornea, each will be described 

in more detail. 

The corneal epithelium (Figure 4) is 50 to 90 um thick 

and covers the stroma anteriorly. The surface of the 

epithelium is smooth and covered by a pre-corneal tear film 

about 7 um thick. The presence of microvilli on the outer 

surface of the external layer of cells may serve to hold the 

tear film against the cells. The epithelium consists of six 

layers of cells. The basal epithelial cells are columnar, 

and bound to a basement membrane containing many gap (leaky) 

junctions, while the more superficial layers become 
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Figure 4. Artist's rendition of the structure of epithelium. 

The surface of the epithelium is smooth and covered by 

microvilli (A). The two layers of flattened surface cells 

have tight junctions which seal off the intercellular spaces 

(B). The bottom layers contain many gap junctions (C) (Hogan 

et al., 1971). 
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progressively more flattened. The two outer layers of 

flattened surface cells have zonulae occludentes junctional 

complexes {tight junctions) which seal off the intercellular 

spaces. The corneal epithelium is in a constant dynamic 

equilibrium. Mitosis in the basal layer gives rise to cells 

which, over a period of several days, migrate anteriorly and 

are shed from the superficial layer and discarded into the 

tear film (Hanna et al., 1961). 

In keeping with its function as a barrier, the corneal 

epithelium has a low ionic conductance through its apical 

cell membranes and a high resistance to paracellular 

transport (Klyce and Crosson, 1985). Electrophysiologic 

experiments have shown that the loss of superficial 

epithelial cells is accompanied by a decrease in the 

transepithelial voltage due to the loss of the high 

resistance barrier formed by the apical tight junctions 

(Klyce, 1977). Loss of the corneal epithelium greatly 

enhances the penetration of hydrophilic compounds, which 

normally traverse the epithelium mostly via paracellular 

routes (Hull, et al. 1974; Mindel, et al.,1984). 

The stroma (Figure 5) comprises 90% of the corneal 

thickness. The corneal stroma is the most highly organized 

and the most transparent of any connective tissue in the 

body. The molecular composition of the stroma includes 

primarily collagen, with associated proteoglycans, and 

soluble qlycoproteins (Gipson, 1994). In corneal stroma, 
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Figure 5. The collagen fibrils (CF) in the stroma are 

uniformly distributed and interlaced with thin, flattened, 

and elongated stromal fibroblasts (F1 ) (Hogan et al., 1971). 
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type I collagen is the main collagenous product. A, B chains 

of collagen and type III collagen have also been recovered. 

Keratin sulfate is the principal glycosaminoglycan component 

(Yue and Baum, 1981; and Lee and Davison, 1981). 

Stroma is composed of 78% water and 15% collagen, 

forming lamellae of collagen fibrils of uniform diameter and 

regular spacing that extend the entire width of the cornea 

(Cogan, 1951). The collagen fibrils in the stroma are 

uniformly distributed and separated by thin, flattened, and 

elongated stromal fibroblasts (keratocytes) (Zimmermann et 

al., 1986). The stroma provides the mechanical strength 

required to withstand intraocular pressure and external 

trauma. The stromal fibroblasts are embedded in ordered 

sheets of collagen fibrils parallel to the surface of the 

tissue which are attached to proteoglycans embedded in an 

acid polysaccharide matrix. 

The endothelium (Figure 6) is a single layer of 

mesothelium only 3 um thick and is thus not a major 

reservoir for solutes (Riley, 1982). It is lipid in nature 

and consists of both leaky and tight junctions. For small 

ions, the resistance offered by the endothelium is 100 to 

200 times less than that of the epithe!'ium (Kaye et al., 

1963; Hirsch et al., 1977). A few short microvilli and a 

single cilium are frequently present on the surface of the 

endothelial cells exposed to the aqueous humor. The corneal 

endothelial cells ultrastructurally resemble cells engaged 
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Figure 6. Structure of the rabbit corneal endothelium in 

vitro as seen by specular microscope during perfusion with 

bicarbonate-Ringer's solution (Maurice, 1984). Note the 

hexagonal cell shape, regular appearance of the cell 

borders, and the smooth surface. 
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in active transport. For example, they possess numerous 

mitochondria and are thought to be involved in the movement 

of osmotically active substances. The endothelium is 

responsible for the dehydration of the corneal stroma. 

Injury to the endothelium results in edema of the stroma 

leading to corneal thickening and opacification. 

Drug Penetration, Deposition, and Metabolism 

It is accepted {Maurice and Mishima, 1984) that the 

vast majority of ophthalmic drugs permeate the cornea via a 

passive diffusion mechanism. Compounds penetrate either by 

going across cells or between cells. Lipophilic substances 

penetrate by going across cells {transcellular) and 

hydrophilic compounds by going between cells {paracellular). 

The corneal epithelium contributes to over 90% of the 

resistance to penetration for hydrophilic compounds, 

decreasing to about 50% for the moderately lipophilic and to 

less than 10% for the lipophilic {Schoenwald and Huang, 

1983) • 

A measure of the corneal penetration efficiency of 

compounds is the permeability coefficient. This is generally 

on the order of 0.1-4.0 x 10-5 em/sec for a variety of 

different compounds {Wang et al., 1991). Unless the 

substance is very lipophilic, at least a two-fold increase 

in the extent of penetration occurs when the corneal 

epithelium is absent. The cornea is assumed to be 

impermeable to the uptake and transport of macromolecules 
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due to the tight junction of epithelial barriers. However, 

Lee et al. (1986) reported on the ability of inulin (M.W. = 

5000) to cross the cornea and suggested that the 

paracellular pathway plays an important role in the corneal 

absorption of macromolecules. 

The eye, .as a whole, is not a primary drug-metabolizing 

organ (Shichi and Nebert, 1980 and Cheng-Bennett, et al., 

1990). Drugs that are modified by oxidation or reduction are 

less likely to be metabolized than those that are 

metabolized by hydrolysis in the eye. The corneal epithelium 

and the iris-ciliary body are the most metabolically active 

tissues in the anterior segment of the eye. Of the ocular 

drug metabolizing enzymes, the esterases {acetyl

cholinesterase, butyrylcholinesterase) are perhaps the most 

important (Lee and Li, 1989). 

With the growing numbers of peptide and protein drugs 

entering development, there is an increasing interest in 

application of these drugs to the eye. The clinical uses of 

peptides are limited by their bioavailabilities to ocular 

tissues following topical application. There are currently 

insufficient data to estimate peptidase and protease 

enzymatic activities in the cornea (Harris, et al., 1992). 

Drug Binding 

Passive diffusion, followed by cellular binding, has 

been postulated as a mechanism of drug uptake in many cells 

(Dalmark and storm, 1981; Dalmark, 1981). Although in vitro 
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corneal penetration of ophthalmic drugs has been studied in 

many laboratories (Ahmed, et al., 1987; Huang, et al.,1983; 

Grass and Robinson, 1988; Igarashi, et al., 1984), little 

attention has focused on the lag time associated with 

corneal permeation. The lag time is the time required for 

the rate of transport of any compound to reach the steady

state during the transport process. The lag time is 

inversely related to the permeability coefficient. 

Consequently, more rapidly penetrating compounds will have 

shorter lag times and greater permeations. For most 

compounds, the lag times are often independent of initial 

concentrations. However, the in vitro investigation of 

corneal penetration shows that certain drugs such as the 

NSAIDS (non-steroid anti-inflammatory drugs), suprofen and 

flurbiprofen, exhibit rather long diffusional lag times in 

the cornea which are concentration-dependent, whereas their 

corneal permeabilities are independent of concentration. 

This concentration dependence of lag times appears to be a 

consequence of the binding of these substances to the 

cornea. Lag time is sensitive to tissue binding, whereas 

permeability is not generally affected by binding (Cooper, 

1974). A long lag time generally leads to the delay of 

compound peak time in aqueous humor. 

A mathematical model is used to explain the 

concentration dependence of the lag time in terms of tissue 

binding. Non-metabolizable model compounds such as suprofen 
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and caffeine demonstrate the principles of this model. Lag 

time studies were conducted for the stroma (modeled as a 

single membrane) as well as for the entire cornea to 

identify the origin of the concentration dependence. The 

endothelium was not considered in this model because the 
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endothelium is thin and not a significant barrier [lag times 

are proportional to the square of the thickness (Burstein, 

1979) and usually is ignored as a reservoir for drugs 

(Maurice and Mishima, 1984)]. From this model one can obtain 

information about drug binding in the cornea. 

Aging in the Cornea 

The aging processes in the cornea are not well 

characterized. Many structural and functional changes occur 

within the eye from birth to adulthood. However, the effect 

that such changes may have on overall permeability to the 

eye is not well understood. The cornea normally exists in a 

state of dynamic equilibrium. There is a continuous turnover 

of corneal epithelial cells with cell loss balanced by 

production. The turnover rate for both young and aged rabbit 

corneal epithelium is approximately the same (five to seven 

days) (Maurice, 1984). However, functional differences 

between young and old corneas have been reported. Miller and 

Patton (1981) documented that substantially different 

aqueous humor drug levels were observed in rabbits of 

different ages when the same dose of pilocarpine was 

instilled into the eye. Clayton and co-workers (1985) and 
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Green and Chapman (1986) reported a difference in the 

distribution of various surfactants (sodium lauryl sulphate 

and ethoxylated C18 alkyl sulphate) and benzalkonium 

chloride between young and old rabbit ocular tissues after 

topical administration. Young animals had a higher 

surfactant disposition in aqueous humor. This enhanced 

tissue uptake of compounds may reflect a greater 

permeability of the cellular membranes of younger animals 

andjor different properties of cells that make up these 

rapidly growing, differentiated epithelial tissues. 

Other age-related changes in the cornea include 

diminished corneal endothelial pump capability, only 

partially compensated by an increase in barrier function and 

by a decrease in ionic permeability (Geroski et al., 1985; 

Wigham and Hodson, 1987). The permeability changes in the 

endothelium progress slowly with age. The loss of 

endothelial cells with age may have physiologically 

important consequences. As the number of endothelial cells 

decreases with age, the work load on the remaining cells 

increases and the control of corneal hydration becomes more 

difficult (Wigham and Hodson, 1987}. 

The major component of stroma besides water is 

collagen. Therefore, the aging effects on stroma may be 

closely related to the aging of collagen. This fibrous 

structural protein is synthesized in all tissues and 

deposited extracellularly. It is not renewed during cell 
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division and it exhibits very little turn-over. Age related 

alterations in collagen have long been recognized and 

characterized (Malik, et al., 1992). 

In general, human collagens undergo progressive changes 

with age, including a decrease in solubility, elasticity and 

permeability, as well as an increase in thermal stability, 

resistance to enzymatic digestion and an accumulation of 

fluorescent pigments (Sell and Monnier, 1989). The precise 

chemical changes of these transformations are unknown. 

However, Malik, et al. (1992) used x-ray diffraction to 

suggest that the physical changes involve progressive cross

linking between the collagen molecules. They also 

demonstrated an age-related decrease in the interfibrillar 

spacing of collagen which may be related to changes in the 

proteoglycan composition of the interfibrillar matrix. An 

initial increase in glycation of collagen was observed 

between 6 months to 30 years of age and then leveled off 

showing no further significant change. 

Collagen accumulates in tissues at the expense of cells 

and may cause a decline in the function of organs. Age

related changes in collagens may also directly or indirectly 

influence tissue binding capacity and permeability. The 

progressive wrinkling of the skin and the loss of bone and 

its increasing brittleness are examples of the consequences 

of aging collagen. 



i 

I 
! 
I 

. I 
! 

I 
! 



33 

Although the cellular aging of cornea is not well 

characterized, aging in other cells is associated with a 

variety of changes (Schroeder et al., 1984). In general, 

both the function and composition of the cell surface 

membrane are altered. As cells age in vivo, several 

physicochemical properties undergo significant changes, 

including decreased enzyme activities, cellular dehydration, 

an increase in post-translational modification of proteins 

(for example, glycation) (Schroeder, 1984) and the 

accumulation of modified proteins (Gracy, et al., 1991). The 

current mechanisms proposed for altered regulation of 

membranes in aging include free radical damage to membrane 

lipids, proteins and other components. Thus, even though the 

molecular mechanisms of aging in the cornea remain unknown, 

a variety of evidence in other systems points to a primary 

involvement of membranes and changes in permeabilities. 

Aging in the Lens 

Unlike the cornea, the biochemical and structural 

changes that occur in the lens with age have been well 

characterized (Berman, 1991). Abnormalities in membrane 

structure and lipid biosynthesis are associated with human 

senile cataracts (Harding et al., 1980), diabetic cataracts 

in Rhesus monkey (Farnsworth, et al., 1980), and hereditary 

cataracts in Philly mice {Andrews, et al., 1984). In fact, 

lens lipid research began with the discovery of pathological 

processes that appear in lipid metabolism during cataract 
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formation (Murawski, et al., 1980). The above studies 

suggest that elevated intracellular levels of lipid could be 

detrimental to the clarity of the lens. 

Throughout life, the lens continues to grow 

(Broekhuyse, 1969). The lens contains no vascular system and 

derives all its nutrients from the aqueous humor. New cells 

are formed in the lens epithelium and then differentiate at 

the equator, transforming into lens fibers. Gradually these 

fibers accumulate in the central part of the lens, forming 

the lens nucleus. Lens fiber cells are not shed, nor do they 

degenerate; rather, they are continually displaced inwardly 

toward the center as they mature. The majority of these 

cells are dead. There is no mechanism for eliminating damage 

that may occur in this protein-filled tissue. Hence, 

proteins in old nuclear lens fiber cells are as old as the 

organism itself. 

About half of the lipids of the human lens are 

cholesterol (by weight) (Feldman, 1967). Sphingomyelin 

represents the major component of the phospholipids 

(Broekhuyse, 1973). The phospholipid composition of the lens 

depends on its age. This is not only true for the lens as a 

whole but also for individual cellular layers (Broekhuyse, 

1971). 

Previous investigation concerning the aging human lens 

showed that the ratio of sphingomyelin to phosphatidyl 

-choline increases with age (Broekhuyse, 1971). The 
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phospholipid composition of the lens also has been found to 

change with age. In addition, an increase in certain 

phospholipids and alterations in the membrane structure have 

been detected. Changes are mainly caused by a continuous net 

synthesis of sphingomyelin and by a decrease in 

concentration of other phospholipids with age (Broekhuyse, 

1969). Changes are correlated with cell differentiation and 

the formation of the lens nucleus. 

Sphingomyelin packs tightly into the outer leaflet of 

the phospholipid bilayer, producing a membrane with low 

fluidity (Van Blitterswijk, et al., 1981). Accumulation of 

sphingomyelin in the lens seems to begin as lens epithelial 

cells differentiate into lens fibers (Zelenka, 1978), and 

continues throughout life. In the lens nucleus, 

sphingomyelin is protected from enzymatic degradation, since 

sphingomyelinase is confined to the lysosomes of the 

epithelium and superficial cortical fiber cells (Zelenka, 

1984). In relatively long-lived species such as man, the 

sphingomyelin content may reach 60% or more of the total 

lens phospholipid (Zelenka, 1984). 

Measurements of the fluidity of human lens fiber cell 

membranes demonstrate that they are the least fluid of all 

eukaryotic membranes that have been studied (Gooden, et al., 

1983). Endogenous lipid synthesis, in conjunction with 

uptake of exogenous cholesterol and certain fatty acids from 

the aqueous humor leads to the formation of a lens plasma 
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membrane that is especially rich in sphingomyelin, 

cholesterol, and long-chain saturated fatty acids which are 

responsible for its very low membrane fluidity. Molar ratios 

of cholesterol:phospholipid in most biological membranes are 

typically about 0.5 (Chapman, 1975), but in the adult human 

lens fiber membrane the ratio is between 2.0 and 2.7 

(Gooden, et al., 1983). 

The present study was designed to biochemically 

characterize the structural and functional alterations which 

occur in the cornea during aging. This study included 

determination of corneal membrane permeability and tissue 

binding of specific compounds as well as the effects of 

aging on the corneal lipid composition. The specific aims 

were to: 1) systematically determine changes in corneal 

permeability to compounds of different molecular weight and 

lipophilicity; 2) examine tissue binding and lag time by 

utilizing a theoretical transport model; and 3) examine the 

biochemical changes related to lipid composition and 

distribution. 

In the first set of studies, an in vitro diffusion 

model analogous to the in vivo conditions was utilized to 

examine functional changes in permeabilities and metabolic 

capabilities between young and aged rabbit corneas. 

Experiments were carried out by means of steady-state 

passive transport conditions in corneal diffusion cells. 
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This permitted the comparison of the intrinsic membrane 

permeability properties of young and old corneas. 

The second set of studies concentrated on a theoretical 

penetration model which took into account stromal binding as 

well as other penetration parameters. From this model one 

can obtain information about compound-tissue binding and 

penetration parameters within the cornea. In addition, age-

related differences in binding constants could be determined 

and clarified. 

The purpose of the third set of studies was to 

determine lipid composition and structural changes in young 

and old corneas. A similar approach was also applied to the 

lens in order to compare with previously published results 

and verify the experimental techniques used in this study. 

The aim of the present investigation was to assess 

whether aging modifies corneal permeability and tissue 

binding of various compounds by inducing intrinsic 

alterations of the corneal membrane. Simply, by identifying 

the mechanism(s) of the aging process of the cornea, one may 

have the opportunity to control its consequences. 

, ; 





CHAPTER II 

MATERIALS AND METHODS 

Reagents and Chemicals 

Betaxolol, atenolol, suprofen, caffeine, dexamethasone, 

dexamethasone phosphate, dexamethasone acetate and 

luteinizing hormone releasing hormone (LHRH) were purchased 

· from Sigma Chemical Company. Fluorescein and fluorescein 

dextrans were obtained from Molecular Probe. Lipid standards 

- phosphatidylcholine, phosphatidylethanolamine, 

phosphatidylinositol, phosphatidylserine, sphingomyelin, 

cholesterol, and triglycerides were obtained from Avanti 

Polar Lipids, Inc. Fatty acids standards were purchased from 

Nu Chek Prep., Inc. All other chemicals were reagent grade. 

Animals 

All corneas and lenses were obtained from albino female 

rabbits which were either six weeks (young) or three to four 

years old (aged). These animals were maintained on a normal 

laboratory diet and water ad libitum. All animal care and 

use conformed to the ARVO Resolution on the Use of Animals 

in Research. 
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Penetration studies 

Model compounds were selected for investigation based 

on differences in either lipophilicity or molecular weight. 

Five compounds were tested based on their different 

lipophilic properties (distribution coefficient at pH=7.4). 

Betaxolol was the most lipophilic compound tested, while 

atenolol and fluorescein were the most hydrophilic 

compounds. Dexamethasone and suprofen were of intermediate 

lipophilicity. Four compounds were tested based on molecular 

size. All of these compounds are very hydrophilic. 

Fluorescein was chosen for its smaller size (M.W. = 374 

Mass) compared to fluorescein dextrans (M.W. = 10,000 and 

70,000 Mass) which served as larger size model polymers. 

LHRH is a small peptide (M.W. = 1284 Mass). 

Corneal penetration experiments were conducted with 

lucite diffusion cells according to Schoenwald and Huang 

(1983). Rabbits were sacrificed with an overdose intravenous 

injection of pentobarbital. Corneas were mounted in the 

diffusion apparatus within 15 minutes after enucleation 

(Figure 7). The corneas were perfused with glutathione 

bicarbonate Ringers (GBR) solution which preserved tissue 

integrity for greater than six hours. Part 1 contained 

sodium chloride (13.039 g/liter), potassium chloride (0.719 

g/liter), monobasic sodium phosphate monohydrate (0.216 

g/liter), calcium chloride dihydrate (0.306 g/liter), and 

magnesium chloride hexahydrate (0.317 gfliter). Part 2 





Figure 7. A schematic drawing of a compound diffusing from 

the well-stirred left chamber through the cornea to the 

well-stirred right chamber with a temperature controlled 

water jacket (Schoenwald and Huang, 1983). 
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contained sodium bicarbonate (4.908 g/liter), glucose 

(1.8g/liter) and oxidized glutathione (0.184 g/liter). GBR 

was prepared by mixing equal volumes of Parts 1 and 2 prior 

to use and gassed with an 02-C02 mixture (95:5) for at least 

15 minutes. A volume of 7 ml GBR solution was added first to 

the corneal endothelial side of the chamber to serve as the 

receiver solution. An equal volume of GBR solution 

containing the various test compounds (1.0-10 mM) was then 

added to the epithelial side to serve as the donor solution. 

Both solutions were bubbled with 02-C02 mixture (95:5) to 

provide adequate mixing. Temperature was maintained at 35°C. 

Solution samples were withdrawn from each side of the cornea 

at selected times (from one minute to four or six hours) and 

analyzed by HPLC. All corneas were judged clear at the end 

of each four-to-six hour experiment, the water contents 

determined according to the procedure of Schoenwald and 

Huang (1983) and were within 74%-78% of total corneal wet 

weight. 

conditions for these studies were similar to those of 

the intact cornea, except penetration studies were conducted 

after scraping off the epithelial layers from the cornea 

with a corneal gill knife and exposing the stroma directly 

to the test solution. The water content of the denuded 

cornea after each experiment was measured and its value was 

approximately 78%-83% of the weight of stroma/endothelium. 
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Studies were conducted similarly to "denuded cornea" by 

scraping off the epithelial layers from the cornea, except 

that the endothelium was directly exposed to the test 

materials (fluorescein or fluorescein dextran). Samples were 

withdrawn from the stromal side of the cornea at selected 

times and were analyzed fluorophotometrically to determine 

the permeability coefficient across endothelial cells. 

The permeabilities of dexamethasone and dexamethasone 

acetate or dexamethasone phosphate were compared in order to 

determine the rate of esterase and phosphatase activities in 

the cornea. Experiments were carried out with intact cornea 

or stromal/endothelial tissues (denuded cornea) for both the 

young and aged animals. 

Tissue Binding 

Penetration experiments and binding studies were 

conducted for the stroma to demonstrate the role of this 

ocular tissue in controlling the lag time of various drugs 

in both young and old animals. 

The penetration experiments of whole or denuded cornea 

were conducted using identical procedures as described on 

pages 39 and 42 (in vitro intact cornea penetration and in 

vitro stroma/endothelial penetration), except that a GBR 

buffer solution containing different concentrations (from 20 

to 1000 ug/ml) of suprofen or caffeine was used as the donor 

solution. 
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The study of suprofen partition between the GBR buffer 

solution and rabbit epithelium was conducted in both young 

and old corneas. The epithelium was scraped from the cornea, 

weighed, then equilibrated with various concentrations of 

suprofen (from 2 to 4,000 ugfml) at 35°C for two to three 

hours. Samples of various suprofen solutions were withdrawn 

before and after the incubation. The amounts of suprofen 

partitioning between the epithelium and GBR solutions were 

determined by HPLC. 

For binding studies, the stromal/endothelial layers 

were placed in GBR buffer solutions containing a wide range 

of concentrations of suprofen and were incubated at 35°C for 

three hours, which was adequate to obtain equilibrium. Two 

to four pieces of stromal/endothelial layers were employed 

in each experiment. The suprofen concentration before and 

after incubation with tissues was measured by HPLC assay. 

The amount of suprofen bound to the young and aged tissues 

was determined by difference calculations. 

Lipid Analysis 

cornea specimens (epithelium or stroma/endothelium) and 

lens (dissected into epithelium, cortex and nuclear 

portions) were pooled together from young (eight eyes) or 

old (four eyes) animals and were weighed and immersed in 

liquid nitrogen prior to being reduced to a fine powder 

using a liquid nitrogen chilled homogenizer. A simple Folch 

extraction of the tissue lipids was done (Folch et al., 
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1957). To protect the samples from oxidative changes, they 

were maintained under a N2 atmosphere at -20°C at all times. 

This procedure avoided the need for the addition of 

antioxidants to the samples (antioxidants may interfere with 

lipid detection at 205 nm). 

Tissues were extracted by 20 weight-volume (g-ml) of 

chloroform/methanol, 2/1 v;v. Each extract was centrifuged 

at 3000 rpm for 10 minutes. The proteins were sedimented as 

a precipitate, and the supernatant containing the lipids was 

removed. The protein precipitates were re-extracted with 

chloroform:methanol (2:1 by volume) as above and added to 

the first lipid extract described above. The combined liquid 

extracts were washed with 0.2 volumes of 0.1 M KCl and 

allowed to separate thoroughly after being centrifuged. The 

chloroform phase was recovered and dried over anhydrous 

sodium sulphate and taken to dryness under reduced pressure 

at 40°C. These lipid extracts were analyzed for lipid 

composition using quantities of 0.01-10 mg per analysis. 

Gas chromatography was used to analyze the individual 

fatty acids of the lipid extract. Fatty acid methyl esters 

were prepared from lipid extracts. samples to be analyzed 

contained about 50 nM of lipid and were dried under nitrogen 

and suspended in 0.5 mL of petroleum ether. The BF3 -

Methanol reagent (Supelco, Inc.), was added, sealed, and 

maintained in a heating block at 95°C for two hours. 0.2 ml 

of water was added to stop the reaction. The samples were 





vortexed and centrifuged at 3000 rpm to yield two phases. 

The top phase, containing the fatty acid methyl ester, was 

removed with pipets and dried under nitrogen, and the 

samples were transferred to small vials for analysis. 
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Fatty acid methyl esters were analyzed on a Perkin

Elmer Sigma 2000 Gas-liquid Chromatography equipped with a 

flame ionization detector and interfaced with a Perkin-Elmer 

LC-100 Laboratory Computing Integrator. These analyses were 

performed using a DB-23 megabore column (30 m x 53 mm ID, 5 

u film) packed with 50%-cyanopropyl polysiloxane (J & W 

Scientific). Helium was used as the carrier gas at a flow 

rate of 15mLfmin. Initial oven temperature was 50°C for the 

first 3 min, increased to 150°C at a rate of 25°C/min and 

then increased to 240°C at a rate of 5°Cfmin and held at 

240°C for another 5 min. The temperature for injector and 

detector was at 250°C. Authentic fatty acid methyl esters 

were used as standards to identify retention times. 

HPLC Analyses 

The amounts of suprofen, caffeine, atenolol, betaxolol, 

dexamethasone, dexamethasone acetate, and dexamethasone 

phosphate in various samples were determined by HPLC, using 

a waters Liquid Chromatography system which consisted of 

pumps (Waters 510), an injector (WISP 710B) and a detector 

(Waters Lambda-Max 481) with a 25 em x 4.6 mm i.d. 

Spherosorb RP-18, 10 um column (Phenomenex Company). In all 

analyses, a flow rate of 2.0 mlfmin was used, and the 





absorbance sensitivity was 0.01 AFUS. The chromatographic 

conditions for each test compound were as follows: (1) 

Suprofen and caffeine: isocratic, methanol:0.05M phosphate 

buffer pH=3.0 (60:40) with detection at 287 nm; retention 

time for suprofen was 4.45 min and for caffeine was 2.35 
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min. (2) Betaxolol: isocratic, acetonitrile:0.05M phosphate 
. 

buffer pH=3.0 (60:40) with detection at 220 nm; retention 

time was 4.56 min. (3) Atenolol: isocratic, acetonitrile 

:0.05M phosphate buffer pH=3.0 (10:90)with detection at 220 

nm; retention time was 6.45 min. (4) Dexamethasone, 

dexamethasone acetate and phosphate: isocratic, 

methanol:water (55:45) with detection at 246 nm; retention 

times were 5.36 min, 8.15 min and 1.98 min, respectively. 

Chromatography of LHRH utilized a 25 em x 4.6 mm RP-18 Hi

Pore Reversed Phase Column (BIO-RAD Company) with isocratic 

elution using 0.2% trifluoroacetic acid in water 

:acetonitrile (82.5:17.5) with detection at 220 nm; 

retention time was 7.42 min. The amount of test compound was 

determined by comparing its peak area with standard curves. 

Concentrations as low as 0.1 uM could be easily detected and 

quantitated. 

The phospholipids in various tissue samples were 

determined with a Perkin Elmer Liquid Chromatograph system 

which consisted of pumps (Series 410), an injector 

(Series 4), a LC-100 Laboratory Computing Integrator, and a 

detector (LC-235 Diode Array Detector) set at 205 nm. The 
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chromatographic co~ditions for each test compound were 

similar to those developed by Patton, et al. (1990) and were 

as follows: (1) PC and SPH used a 25 em x 4.6 mm Brownlee 5 

um Si-Column with isocratic elution (acetonitrile:methanol 

:water (50:45:5.5)) at a flow rate of 1.2 ml; retention 

times were 8 min (PC) and 10 min (SPH). {2) PI, PS and PE 

analysis used a 25 em x 4.6 mm Si-Spherisorb 10 um column 

with isocratic elution (hexane:isopropanol: ethanol:25 mM 

KH2P04 pH=7.0:acetic acid (376:485:100:56.2:0.6) at a flow 

rate of 1.0 ml; retention times were 6.0 min (PE), 9.8 min 

(PI) and 14.4 min (PS). (3) Cholesterol analysis used a 25 

em x 4.6 mm Allteck 5 um si-column with isocratic elution 

using hexane:isopropanol:acetic acid (100:2:0.02) at a flow 

rate 1.0 ml; retention time was 10.0 min. 

Fluorescence 

The amounts of fluorescein and fluorescein dextrans 

transversing the cornea were determined by monitoring the 

increase in fluorescence intensity in the receiver chamber 

using a Perkin-Elmer Fluorescence Spectrophotomer (Model 

MPF-66) at an excitation wavelength of 493 nm, slit width = 

4 nm, and an emission wavelength of 512 nm, slit width = 4.5 

nm. 

Transmembrane Resistance 

Membrane resistance of young and old corneas was 

determined using an Epithelial Voltohmmeter (Millcell-ERS, 
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Millipore Inc.). The setup was similar to that used in the 

perfusion studies with both sides of cornea bathed with 7 ml 

GBR solutions. The resistance was measured by inserting 

electrodes in either side of the solution 15 minutes after 

the cornea was mounted in the diffusion cells. 

SEM and TEM 

Scanning electron microscopy (SEM) and transmission 

electron microscopy (TEM) were performed by Dr. Mitch 

McCartney (Alcon Laboratories, Inc.). Briefly, corneas were 

.fixed with a fixative containing 2% paraformaldehyde, 2.5% 

glutaraldehyde in a 0.1M sodium cacodylate buffer (pH=7.3) 

for two hours at room temperature. The corneas were divided 

into one half for SEM and the other half for TEM. 

The cornea prepared for SEM was osmicated for one hour, 

dehydrated through an ascending series of alcohols and 

critical point dried. The tissue was then mounted with 

epithelium side uppermost on aluminum SEM stubs with silver 

paint, sputtered with 20 nm of gold and examined in a Zeiss 

OSM-940 scanning electron microscope. 

The cornea used for TEM was osmicated for one hour, 

rinsed in buffer, stained with uranyl acetate, dehydrated 

through an ascending series of alcohols and embedded in a 

PolyBed 812/Araldite mixture. samples were thin sectioned 

and examined in a Zeiss CEM-902 transmission electron 

microscope. 



---
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Statistical Analysis 

To assess the statistical significance of the data, 

means and standard deviations of the means were calculated, 

and student's t-tests of paired observations were done to 

obtain p values. P values less than o.os were considered 

statistically different. 





CHAPTER III 

RESULTS 

General Characterization and Transmembrane Resistance of 

Young and Aged Corneas 

Corneas from young and old animals were examined and 

characterized by transmission and scanning electron 

microscopy for general morphology and ultrastructure. No 

obvious alterations in corneal morphology with increasing 

age were observed (Figures 8 & 9). Young and old corneas 

showed the same thickness (approximately 0.05 em). The 

membrane resistances of both are listed in Table 1. The area 

of the cornea from old rabbits was twice that of the young. 

The resistance for the young corneas was significantly lower 

than the resistance for the old corneas {p < 0.01). These 

data suggest that small electrolytes should penetrate the 

young cornea more easily than the old cornea. 

Penetration Studies 

By monitoring the appearance of compounds in the 

receiving solution as a function of time, a transport 

process driven by a concentration gradient was observed. An 

illustration of this process is shown in Figure 10. A linear 

steady-state appearance of drug in the receiver solution was 
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Figure 8. Scanning electron micrograph of the anterior 

surface of the cornea illustrating the appearance of 

epithelium. The superficial epithelial cells are polygonal 

in shape, and there are populations of light (arrow) and 

dark (arrow heads) cells. There was no difference between 

the young and old corneas in regards to cell size, shape, or 

the distribution of light and dark cells (Bar= 10 um). 
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Figure 9. Transmission electron micrograph illustrating the 

appearance of the corneal epithelium and stroma in the young 

animal. The epithelium was typically 5-7 layers thick, and 

the cells showed the normal compliment of cellular 

organelles. The basal cells were tightly adherent to the 

basement membrane (arrows) with hemi-desmosomes (arrow 

heads). The stroma {S) can be seen below the basal cells of 

the epithelium. There was no morphological difference 

between the young and old corneas. (Bar= 1 um). 
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Table 1 

Size and Transmembrane Resistance of Young and 

Aged Corneas 

Area Weight Transmembrane Resistance 

Ccm2
) Cqram> Resistance Ratio 

C Kohmes-cm2
) 

1.08 0.06±0.01* 5.2±0.5* 

2.01 0.11±0.01* 8.7±0.4* 1.7±0.2 

*Each value represents the mean of five determinations ± SD. 

Statistical significance was determined using the student's 

t-test (p < 0.005). 





Figure 10. Illustration of the transport of a compound 

across the cornea. A representative set of data for 

transport process. The slope represents the steady-state 

penetration rate. The intercept in the X - axis represents 

the lag time for compound reaching steady-state diffusion. 
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observed over the time course of the experiments. The lag 

time (tL) was determined by extrapolating this linear slope 

to the x (time)- axis which reflected the time scale for the 

compound to reach steady-state diffusion. When dividing the 

slope values of the linear steady-state portions of the 

plots by the corneal surface areas and initial 

concentrations of the test compounds over which the 

permeation was occurring, steady-state membrane permeability 

values (P) for the test compounds were obtained. These data, 

presented as cmfsec (equation 1) depended only on chemical 

properties of tested compounds and the biological barriers 

of the cornea. 

The amount of drug penetrating the membrane per unit 

time at steady-state is given by Fick's law of diffusion. 

dQ = eDA ( Cma- Cmb) 
dt th (1) 

dQ/dt is the penetration rate of substance penetrating the 

membrane per unit time 

A = surface area of the cornea 

h = thickness of the cornea 

D = diffusion coefficient 

E = porosity 

t = tortuosity 

,.. cmb = solute concentration """na 1 





c;,.a = kCa, Cmb • kCb and k is the membrane partition 

coefficient 

Thus, dO = 
dt 

eDkA {C -c) or dO P."'{C c) 
'th " b dt = .n "- b , 

p is the permeability coefficient eDK = 'th 
Therefore, 

P = dQ when { C
11
> > Cb) • The unit for Pis em/sec. 

dtAC11 

The permeability of young and old corneas to test 

compounds of different lipophilicities (Table 2) and 

molecular weights (Table 3) were characterized and 
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quantitated. The entry of lipophilic compounds into the eye 

is aided by the cell membrane of the corneal epithelium. The 

penetration of compounds was consistent with their relative 

octanol-buffer distribution coefficients (Table 2). These 

compounds are lipid soluble and may be able to penetrate the 

epithelium partly through the cell membrane. Betaxolol was 

the most permeable of the test compounds and was able to 

penetrate in appreciable quantities across cell membrane. 

This is compatible with its relatively high octanol-buffer 

partition coefficient. The permeabilities of hydrophilic 

atenolol and fluorescein were much lower, while suprofen and 

dexamethasone with intermediate lipophilicity showed 

intermediate corneal permeability. This relative ranking of 

permeabilities was found in both the young and old corneas. 

An age-dependent relationship of permeability of each 

compound was observed. In all cases the permeability 





Table 2 

Age Related Changes in Whole Corneal Permeability 

to Lipophilic Compounds 

COMPOUND Log DC1 PERMEABILITY COEFFICIENT Difference 

(cmjsec x 106
) (fold) 

YOUNG* OLD* 

Betaxolol 2.52 51±3** 36±1 1.4±0.1 

Dexamethasone 1.90 9.0±1.0 3.6±0.3 2.5±0.4 

Suprofen -0.25 9.6±0.8 3.6±0.7 2.6±0.5 

Atenolol -1.52 2.3±0.4 0.7±0.1 3.2±0.8 

Fluorescein <-1. 52 1.6±0.2 0.40±0.03 4.0±0.6 

1 DC = Distribution coefficient of compound in 

Octanol/Phosphate Buffer (pH=7.65) 
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* Data are based on three separate determinations for all 

compounds in young rabbits and two in old rabbits. Values 

represent mean ± standard deviation. 

** Statistical significance was determined using the 

student's t test (p is at least < 0.02 for all tested 

compounds) • 
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Table 3 

Age Related Changes in Whole Corneal Permeability to 

Compounds of Differing Molecular Weight 

COMPOUND M. w. 1 PERMEABILITY COEFFICIENT Difference 

(Mass) (cmfsec x 106
) (fold) 

YOUNG* OLD* 

Fluorescein 375 1. 6±0. 2 0.40±0.03 4.0±0.6 

LHRH 1284 0.12±0.02 0.015±0.003 a. 3±1.4 

Fluorescein 10000 0.6±0.2 0.069±0.003 8±2 

Dextran 

Fluorescein 70000 0.04±0.01 0.005±0.001 8±2 

Dextran 

1 M.W. = Molecular Weight 

* Data were mean ± standard deviation (young n=3, old n=2) 

and analyzed as in Table 2 (p is at least < 0.03 for all 

compounds) • 
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coefficients were significantly lower in cornea from old 

animals. For betaxolol, the most lipophilic compound, the 

difference between the young and old was smaller (1.4-fold) 

than for hydrophilic compounds such as fluorescein (4-fold). 

Table 3 shows the effect of age on the permeability of a 

series of compounds differing in molecular weight. These 

compounds were very hydrophilic and probably crossed the 

epithelial cell layers only through the paracellular space. 

An inverse relationship was observed between the molecular 

weight and permeability for both the young and aged corneas. 

The higher the molecular weight, the smaller the amount of 

compound that penetrated the cornea. One exception was LHRH, 

a small peptide (M.W.=1284 Mass), which showed a 

permeability considerably less than the fluorescein dextran 

of 10,000 molecular mass. Here, the epithelial barrier also 

served as the metabolic barrier for this peptide. Only a 

small percent of the intact LHRH could cross the cornea. 

There was a significant decrease in permeability of all of 

these hydrophilic compounds with age. The magnitude of this 

age-related decrease in permeability was greater with large 

molecules. 

Permeabilities in stromal/endothelial tissues (denuded 

cornea) were determined and are shown in Tables 4 and 5 for 

compounds of differing lipophilicity and molecular weight. 

In each of these studies the epithelial layer had been 

removed (simulating corneal abrasion) and permeability 





Table 4 

Age-related Changes of Denuded Cornea to Permeability of 

Compounds with Different Lipophilicities 

COMPOUND PERMEABILITY COEFFICIENT Difference 

(cmfsec X 106
) (fold) 

YOUNG* OLD* 

Betaxolol 45±1 17.8±0.4 2.5±0.1 

Dexamethasone 36±2 21.8±0.3 1.7±0.1 

suprofen 37.7±0.5 18.3±0.5 2.07±0.06 

Atenolol 22.4±0.6 10.3±0.4 2.18±0.13 

Fluorescein 17±1 8.6±0.4 2.0±0.1 

* Data were mean ± standard deviation (young n=3, old n=2) 

and analyzed as in Table 2 ( p < 0.005 for all five 

compounds) • 
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Table 5 

Age Related Changes in Denuded Corneal Permeability 

of Compounds with Different Molecular Weights 

COMPOUND PERMEABILITY COEFFICIENT Difference 

(cmfsec x 106
) (fold) 

YOUNG* OLD* 

Fluorescein 17±1 8.6±0.4 2.0±0.1 

LHRH 5.13±0.03 3.49±0.06 1.46±0.03 

Fluorescein 3.22±0.05 1.9±0.2 1.7±0.1 

Dextran(10000) 

Fluorescein 0.44±0.02 0.20±0.03 2.2±0.4 

Dextran(70000) 

* Data were mean ± standard deviation (young n=3, old n=2) 

and analyzed as in Table 2 ( p < 0. 005, for all compounds). 
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was assessed across the stromal/endothelial layers. 

Differences in permeability among the different lipophilic 

compounds still existed but the differences were much less 

than those observed from the intact cornea. This phenomenon 

was observed in both young and old tissues, indicating that 

epithelium is the major selective barrier for these tested 

compounds. 

The difference between ratios in permeabilities of 

young and old damaged corneas was essentially the same for 

all of these test compounds (about 2-fold). Old tissues were 

less permeable than young ones and the difference was 

independent of lipophilicity. 

A correlation between molecular weight and permeability 

in the stromal/endothelial cells (denuded cornea) was also 

found (Table 5). This relationship existed for both young 

and old animals. The compounds with greater molecular size 

had lower permeabilities. The ratio between the young and 

old was essentially the same as that for the different 

lipophilic compounds (about 2-fold). 

Differences in permeabilities before and after removal 

of epithelium were compared and are shown in Table 6 (Tables 

2 and 3 versus Tables 4 and 5). Lipophilic betaxolol readily 

penetrated both intact and damaged corneas. For the more 

hydrophilic compounds as well as the high molecular weight 

compounds upon removal of the epithelium an increase 

inpermeability could be as great as several to one hundred 

' ! 
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Table 6 

Comparison of Permeability Changes Between Denuded and 

Intact Corneas on Basis of Compound's Lipophilicity 

or Molecular Weight 

COMPOUND PERMEABILITY CHANGES OF 

DENUDED/INTACT CORNEA 

{Ratio) 

YOUNG* OLD* 

·Betaxolol 0.88±0.06 0.50±0.02 

Dexamethasone 4.0±0.5 6.0±0.6 

Suprofen 3.9±0.3 5.0±0.9 

Atenolol 10±2 15±3 

Fluorescein 11±2 22±2 

LHRH 43±7 232±5 

Fluorescein 

Dextran {10000) 5±2 28±3 

Fluorescein 

Dextran {70000) 11±3 40±6 

* statistical significance between denuded and intact 

cornea (p < 0.05 for all eight compounds) 
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fold. For fluorescein, which penetrates the cornea poorly 

because of its hydrophilicity, the degree of enhancement was 

as 10-fold in the young 21-fold in the old. For LHRH, which 

penetrates the cornea poorly mainly because of 

susceptibility to peptidases hydrolysis and hydrophilicity a 

41-fold in the young and 233-fold in the old could be found. 

For dextran (M.W.=70,000), which penetrates the cornea 

poorly because of its size and hydrophilicity a 10-fold in 

the young and 40-fold in the old could be detected. Thus, 

for these compounds the resistance of the corneal epithelium 

contributed substantially to penetration across the cornea. 

The endothelial/stromal permeabilities (reverse 

permeation direction) of two model compounds are shown in 

Table 7. No difference in membrane transport/permeability 

for endothelial/stromal or stromal/endothelial layers was 

observed (i.e., compare Table 5 with Table 7). The 

permeabilities of these two model compounds were essentially 

the same in either direction (stroma to endothelium or 

endothelium to stroma). Evidently, the endothelial layer 

contributes much less resistance for compound penetration 

than the epithelium. There was a difference in 

permeabilities between the young and the old tissues but the 

difference was independent of molecular weight as in 

thestromalfendothelial permeability. 

It is well known that the activities of some enzymes 

change with age. It is worthwhile to determine the metabolic 
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Table 7 

Age Related Changes in Endothelial/Stromal Permeability on 

Basis of Molecular Weight 

COMPOUND PERMEABILITY COEFFICIENT Difference 

(cmfsec x 106
) (fold) 

YOUNG* OLD* 

·Fluorescein 15±1 11.1±0.1 1.4±0.1 

Fluorescein 2.9±0.1 1.87±0.06 1.6±0.1 

Dextran(10000) 

* Data were mean ± standard deviation (young n=J, old n=2) 

and analyzed as in Table 2 (p < 0.02 for both compounds). 
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capability of normal and damaged (denuded) corneas with 

respect to esterases and phosphatases. Results are shown in 

Tables 8 and 9. During the process of penetrating the 

cornea, dexamethasone acetate and dexamethasone phosphate 

were completely converted into dexamethasone by esterases 

and phosphatases, respectively. The magnitude of changes in 

the amount of dexamethasone across the cornea due to this 

biotransformation was determined and expressed as a 

difference in permeability. This difference directly 

reflects the rate of hydrolysis (Table 8). The ratio of this 

d1fference in enzymatic hydrolysis between young and old 

corneas was calculated and represented a difference in the 

rate of hydrolysis between these two tissues. (i.e., a 

number greater than one indicates increased hydrolysis). 

Thus, results suggest that decreased phosphatase and 

increased esterase activities in the aged cornea. The age

related differences in phosphatase and esterase activities 

appear to play less of a role in the penetration of a 

compound than the intrinsic permeability of the compound. 

Although the epithelium appeared to have the highest 

hydrolytic activity in the cornea, there were still 

sufficient esterases and phosphatases in the 

stroma/endothelium to completely hydrolyze dexamethasone 

acetate and phosphate into dexamethasone (Table 9). None of 

the intact dexamethasone acetate or dexamethasone phosphate 

was detected in the receiver solutions for denuded corneas. 

I ~ 
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Table 8 

Effect of Age on Esterase and Phosphatase Activities in the 

Intact Cornea 

COMPOUND PERMEABILITY COEFFICIENT Difference Ratio 

(em/sec x 106
) (fold) Young/old i' 

:' 

Young* Old* Young Old 

Dexamethasone 9.0±0.9 3.6±0.3 (1.0) (1.0) ( 1. 0) 

Dexamethasone 42±5 24±6 4.7±0.7 7±2 0.7±0.2 

Acetate 

Dexamethasone 2 .1±0.4 0.58±0.08 0.23 0.16 1. 5±0. 4 

Phosphate ±0.04 ±0.03 

* Data were mean ± standard deviation (young n=3, old n=2) 

and analyzed as in Table 2 (p < o.os for all three 

compounds) • 
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Table 9 

Effect of Age on Esterase and Phosphatase Activities in the 

stromal/Endothelium (Denuded cornea) 

COMPOUND PERMEABILITY COEFFICIENT Difference Ratio 

(cmjsec X 106
) (fold) Young/old 

Young* Old* Young Old 

Dexamethasone 37±2 22±1 ( 1. 0) ( 1.0) ( 1. 0) 

Dexamethasone 40±2 16±2 1.1 0.7 1. 6±0.3 

Acetate ±0.1 ±0.1 

Dexamethasone 10±2 5.3±0.3 0.27 0.24 1.1±0. 2 

Phosphate ±0.05 ±0.02 

* Data were mean ± standard deviation (young n=3, old n=2) 

and analyzed as in Table 2 (p < 0.05 for all three 

compounds) • 
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Results from the denuded corneas were compared with the data 

obtained from intact corneas. The damaged cornea 

preparations had lower esterase activity while the rate of 

phosphate hydrolysis remained the same in the aged 

stromal/endothelial tissues. This was opposite to that 

observed in the intact cornea. 

Stromal Binding Constants 

In these studies, steady-state (pseudo-sink) conditions 

were maintained (i.e. the concentration in the donor chamber 

was much higher than that in the receiver chamber). The 

quantity of drug transported across the excised cornea was 

determined as plotted in Figure 1. The steady state flux was 

determined by dividing the slope of the time course plot by 

the corneal surface area (1.089 cm2 for the young animals 

and 2.010 cm2 for the old animals). The permeability 

coefficient was obtained by dividing the steady state flux 

by the drug concentration on the donor side. The lag time 

was determined by extrapolation of the slope of the line to 

the X-axis. The permeability coefficients and lag times for 

suprofen through both young and old corneas are listed in 

Tables 10 and 11. The permeability coefficient and lag times 

for suprofen in the stroma/endothelium are shown in Tables 

12 and 13. The permeability coefficient and lag times for 

caffeine in the cornea and stroma/endothelium are presented 

in Tables 14 and 15. The average corneal and stromal 

permeability coefficients for suprofen are shown in Tables 2 
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Table 10 

Suprofen Lag Time and Permeability Coefficient in the Young 

Cornea 

Donor Concentration Lag Time Permeability Coefficient 

(ugjml) (min) (em/sec) x 106 

1000 36a 9.3 (± O.B)b 

126 57 11 (± 3) 

62 91 10.4 (± 0.6) 

40 113 13 (± 1) 

aoata point is a mean value from five separate 

determinations, and standard deviation is within ± 8.4% of 

the mean value. 

bNumbers in parentheses represent standard error of the mean 

for each study. 





. 
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Table 11 

Suprofen Lag Time and Permeability Coefficient in the Old 

Cornea 

Donor Concentration Lag Time Permeability 

(ug/ml) (min) Coefficient 

(em/sec) X 106 

952 79a 5.0 (± o. 9)b 

121 113 3.9 (± 0.1) 

82 124 3.0 (± 0.4) 

32 156 3.2 (± 0.1) 

aoata point is mean value from five separate determinations, 

and standard deviation is within ±18.0% of the mean value. 

bNumbers in parentheses represent standard error of the mean 

for each study. 
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Table 12 

Suprofen Lag Time and Permeability coefficient in the Young 

Stroma/Endothelium 

Donor Concentration Lag Time Permeability 

(ug/ml) (min) Coefficient 

(em/sec) X 105 

886 7 3.0 (± 0.1) a 

108 9 3.8 (± 0.1) 

74 15 4.3 (± 0.1) 

43 23 5.2 (± 0.6) 

23 39 4.9 (± 0.1) 

*Numbers in parentheses represent standard error of the mean 

for each study. 
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Table 13 

Suprofen Lag Time and Permeability coefficient in the Old 

Stroma/Endothelium 

Donor Concentration Lag Time Permeability Coefficient 

(ug/ml) (min) (cmjsec) X 105 

84 21 1.9 (± 0.1 ) a 

65 25 2.1 (± 0.1) 

24 ' 46 2.2 (± 0.1) 

a Numbers in parentheses represent standard error of the 

mean for each study. 
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Table 14 

Caffeine Lag Time and Permeability Coefficient in the Young 

Cornea 

Donor Concentration Lag Time Permeability Coefficient 

(ug/ml) (min) (em/sec) x 10~ 

1000 6 5.8 (± O.l)a 

157 8 6.8 (± 0.2) 

46 7 6.8 (± 0.5) 

a Numbers in parentheses represent standard error of the 

mean for each study. 
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Table 15 

Caffeine Lag Time and Permeability Coefficient in the Old 

Cornea 

Donor concentration Lag Time Permeability Coefficient 

(ugfml) (min) (cmjsec) x 105 

1488 7 3.2 (± O.l) a 

59 9 3.1 (± 0.1) 

aNumbers in parentheses represent standard error of the 

mean for each study. 





and 4. The average corneal permeability coefficient of 

caffeine was 6. 5 X 10-5 cmjsec for the young and 3.1 X 10-5 

cmjsec for the old. 
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The lag time of suprofen for the whole cornea as well 

as for stroma/endothelium was proportional to the inverse of 

the donor drug concentration as shown in Figure 11 for the 

young tissues and Figure 12 for the old tissues. The lag 

time increased as the donor concentration decreased. The 

slopes and intercepts of these plots are listed in Table 16. 

The lag time of caffeine for the whole cornea was 

independent of its concentration for both the young and old 

animals. The slope of lag time versus drug concentration was 

close to zero (as shown in Tables 14 and 15), indicating no 

drug binding in either the young or old corneas. 

Results of partition studies between rabbit epithelium 

and GBR suprofen solution gave a partition coefficient of 
. 

3.9 ± 0.4 for the young and 4.6 ± 0.7 for the old over a 

concentration range of 2~6 ugfml to 4000 ugjml. There was no 

significant difference between the young and aged 

animals.Suprofen binding to the stroma exhibits a typical, 

saturable binding as illustrated in Figure 13 for both young 

and old tissues. If one assumes that this binding fits a 

simple isothermal curve then the binding should fit the 

following equation: 

(2) 





Figure 11. The relationship between lag time and suprofen 

concentration in young animals. Plot 1/donor concentration 

of suprofen versus the lag time obtained from penetration 

studies to illustrate the binding effect. A) whole cornea 

and B) stromal/endothelial layers. 
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Figure 12. The relationship between lag time and suprofen 

concentration in old animals. Plot 1/donor concentration of 

suprofen versus the lag time obtained from penetration 

studies to illustrate the binding effect. A) whole cornea 

and B) stromal/endothelial layers. 
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Table 16 

The Slope and Intercept of 1/Suprofen Concentration versus 

Lag Time 

A. Young Animals 

Tissue Permeability Slope(secxgfml) Intercept Regression 

Coefficient (minutes) 

(cmfsec)x106 

Stroma 37.7 4.9x102 (±0.4)a 4(±1) R2=0. 99 

Cornea 9.6 20x102 (±1) 33(±3) R2=0. 98 

B) Old Animals 

Tissue Permeability Slope(secxgfml) Intercept Regression 

Coefficient (minutes) 

(cmfsec)x106 

Stroma 18.3 4. 9xl02 ( ±0. 6) a 12(±1) R2=0.99 

Cornea 3.6 14x102 
( ±3) 87(±9) R2=0.92 

aNumbers in parentheses represent the standard error of the 

mean 
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Figure 13. Binding of suprofen with stroma in equilibrium 

studies. Free suprofen versus bound suprofen is plotted to 

demonstrate the saturable tissue binding curve for A) young 

and B) old tissues. 
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Where A1 is the amount bound (ug of suprofenjunit volume of 

nonpermeable stroma - calculated to be 20% of the weight of 

the stroma, which is 80% water), cis the concentration of 

free suprofen, k is the maximum amount bound, and k2 

reflects the strength of the binding or the binding 

constant. When C is small, the initial slope of the curve 

represented by dA1/dC equals to k x k2 • When c is large, A1 = 

k. The value of k was determined from these plots and was 

280 ugjml for the young and 56 ugjml for the old corneas. 

The binding constant k2 was 4. 89 x 10-3 mljug for the young 

and 26.5 x 10-3 mljug for the old. The binding constant in 

the old was about five fold higher than the young. 

The lag time, t 1 , for transport across a single 

membrane with binding is given by 

(3) 

Where is the lag time with no binding and 

is the lag time with binding for 

large donor concentration. Here 

18 = thickness of the stroma 

0
8 

= diffusion coefficient of suprofen across stroma (unit 

cm2 jsec) 

p = distribution coefficient between stroma and the aqueous 

media • 1 

r ! 

I . 
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Vb • volume fraction of nonpermeable materials in the stroma 

- 0.2 

Vt = volume fraction of continuous phase (water) • 0.8 

k = maximum binding ( mass per unit volume) 

Thus one predicts a dependence of the lag time on the 

inverse of the donor concentration with the intercept being 

t 1o• The intercept lag time for the stroma gives 18
2 /6D81 and 

1; k the slope gives the quantity . vb 
2D8 Vf • 

The permeability coefficient, kper is given by 

= 3. 8 x 10-5 cmjsec 

Where partition coefficient is assumed to be unity 

between the stroma and the phosphate buffer for both the 

young and old tissues. From these three equations, one can 

determine 1 8 = 0.054 em, D8 = 2.04 x 10-6 cm2 jsec, and k = 273 

ugjml for the young and 18 = 0. 076 em, D8 = 1. 39 x 10-6 

cm2 jsec, and k = 95.8 ugjml for the aged tissue. 

The age-related changes in corneal permeability for a 

variety of compounds as well as the tissue binding 

phenomenon represent a basic alteration in corneal 

physiological function. A determination of the biochemical 

basis for these altered functions is required for a complete 

understanding of these changes and was the subject of the 

next studies. 

Lipid Analysis 

All of the above observations clearly indicated the 
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.<' 

j i 

::! 





necessity of more biochemical information in order to 

elucidate the mechanism of age-dependent changes in the 

cornea. Previous researchers have shown that during the 

aging process lipid peroxidation leads to a decrease in 

membrane permeability as well as changes in the physical 

state of membrane lipids, properties of transport and 

characteristics of enzymes in the liver, brain and lens 

plasma membranes. 

The present studies concentrated on the determination 

90 

of fatty acid composition, phospholipids, and cholesterol in 

the cornea and lens of young and old rabbits for the 

following reasons: 1) The interactions between the fatty 

acid side chains of membrane phospholipids affect membrane 

fluidity; 2) Usually, old cells contain more sphingomyelin 

and less phosphatidylcholine compared to the young. This 

affects the degree of lipid structural order; and 3) 

Cholesterol is thought to intercalate between the 

phospholipid residues, reducing the fluidity of the liquid 

crystal state by interacting with the fatty acid side 

chains. The molar ratio of cholesterol:phospholipid in 

biological membranes is " typically" about 0.5, the value 

varies depending on cell type. 

The fatty acid compositions of ocular tissues in young 

(6 weeks) and old (3-4 years) rabbits were determined by GC 

assays. Results are listed in Tables 17 and 18 (cornea) as 

well as in Tables 19, 20, and 21 (lens). Among the different 

!; 

'! 
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Table 17 

Fatty Acid Composition in Young and old Corneal Epithelium 

PERCENTAGE OF TOTAL 

FAME* Young Old 

C12:0 2.9 n.d. 

C14:0 4.9 7.3 

C16:0 30 28 

C16:1 6.8 7.8 

C18:0 8.4 6.9 

C18:1 47 50.0 

C20:4 n.d. n.d. 

Data are the mean values from two separate determinations, 

and standard deviation is within ±6.3%. 

*FAME = Fatty acid methyl ester chain length and saturation. 

Results are expressed as % of total. 

n.d.= not detected 





FAME* 

C12:0 

C14:0 

C16:0 

C18:0 

C18:1 

C20:4 

Table 18 

Fatty Acid Composition in Young and Old Corneal 

Stroma/endothelium 

PERCENTAGE OF TOTAL 

Young Old 

2.5 6.5 

5.5 9.2 

36 37 

20 13 

26 28 

10 6.3 

Data are the mean values from two separate determinations, 

and standard deviation is within ±7.6%. 

92 

*FAME = Fatty acid methyl ester chain length and saturation. 

Results are expressed as % of total. 
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Table 19 

Fatty Acid Composition in Young and Old Lens Epithelium 

PERCENTAGE OF TOTAL 

FAME* Young Old 

C14:0 6.5 5.2 

C16:0 37 31 

C16:1 9.6 5.1 

ClS:O 13 14 

C18:1 29 35 

C20:4 4.9 9.7 

Data are the mean values from two separate determinations, 

and standard deviation is within ±4.3%. 

*FAME = Fatty acid methyl ester chain . length and saturation. 

Results are expressed as % of total. 





... 

Table 20 

Fatty Acid Composition in Young and Old Lens cortex 

PERCENTAGE OF TOTAL 

FAME* Young Old 

C14:0 16 8.0 

C16:0 42 36 

C16:1 6.8 2.0 

C18:0 4.2 8.0 

C18:1 31 46 

C20:4 n.d. n.d. 

Data are the mean values from two sep~rate determinations, 

and standard deviation is within ±7.9%. 
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*FAME = Fatty acid methyl ester chain length and saturation. 

Results are expressed as % of total. 
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Table 21 

Fatty Acid Composition in Young and Old Lens Nucleus 

PERCENTAGE OF TOTAL 

FAME* Young Old 

C14:0 6.3 n.d. 

C16:0 50 47 

C18:0 7.7 14 

C18:1 36 39 

C20:4 n.d. n.d. 

Data are the mean values from two separate determinations, 

and standard deviation is within ±8.3%. 

*FAME = Fatty acid methyl ester chain length and saturation. 

Results are expressed as % of total. 
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tissue samples (corneal epithelium versus stroma 

/endothelium and lens epithelium, cortex, and nucleus), 

there were marked differences in fatty acid composition. In 

corneal epithelium (Table 17), oleic acid (18:1) accounted 

for about half of the fatty acids and palmitic acid (16:0) 

was the second most abundant. However, in stroma/endothelium 

(Table 18) palmitic acid was the most abundant and oleic 

acid was the second most abundant fatty acid. The 

stroma/endothelium also contained polyunsaturated 

arachidonic acid (20:4). No significant difference was 

observed between different age groups in the major fatty 

acid compositions for corneal epithelium and stroma/ 

endothelium. Only very minor changes were detected in the 

overall composition. 

For lens tissues, palmitic acid and oleic acid are the 

two major fatty acids (Tables 19, 20 and 21). No significant 

quantities of acids with retention times greater than oleic 

acid were observed in lens cortex and nucleus. There was an 

appreciable amount of arachidonic acid (20:4) in the lens 

epithelium. In aged lens, there was a decrease in the 

shorter chain length fatty acids (C14 and C16) and an 

increase in the longer chain length fatty acids (C18 and 

C20). Usually, interactions between the fatty acid side 

chains increase with increasing chain length and thus form a 

more rigid lipid matrix. 

' ! . 
i' 
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Phospholipid and cholesterol profiles of various ocular 

tissues were determined by HPLC analysis. Results are listed 

in Table 22. Clearly, there were large differences in the 

phospholipid and cholesterol profile among the various 

ocular tissues. Based on wet tissue weight, the corneal 

epithelium had the highest amount of phospholipids. 

Phosphatidylcholine was the major phospholipid of the 

corneal epithelium and stroma/endothelium. PE was the 

next most abundant. There was a small difference in 

· sphingomyelin between young and old corneal epithelium (p < 

0.05). A bigger difference of sphingomyelin could be 

detected between young and old stroma/endothelium (p < 

0. 03) • 

The composition of phospholipids was also determined in 

separate parts of the young and old lens. Lens epithelium 

had a higher phospholipid content and relatively more PC and 

PE than the inner lens. Lens tissue in which the turn over 

rate was slow showed a much greater difference in 

phospholipid composition comparing young and old tissues. In 

the young lens, the major phospholipids found in the 

cortical and nuclear fraction were PC and PE. In the old 

cortex and nucleus, the predominant PL was SPH. This change 

in the PL composition and the lower total PL content found 

in the old cortex and nucleus suggested that the lipids of 

the newly formed lens fibers were age-dependent. All of 

:\ 
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Table 22 

Phospholipid and Cholesterol Composition in Various ocular 

Tissues 

SAMPLE PE PI PS PC SPH CHOL 

CORNEA EPI (Y) 2.58 1. 78 0.50 10.9 2.35 10.7 

CORNEA EPI (0) 2.80 1. 71 0.39 10.7 2.81 10.4 

CORNEA STR (Y) 0.74 0.32 0.07 2.8 0.20 1.40 

CORNEA STR (0) 0.35 0.12 0.09 2.8 0.30 o. 72 

LENS EPI (Y) 3.1 1.08 1.01 8.7 0.34 3.6 

LENS EPI (0) 1.03 0.44 0.29 3.6 0.20 1.17 

LENS CORTEX(Y) 0.9 0.1 0.3 1.3 0.4 3.3 

LENS CORTEX(O) 0.45 0.03 0.18 0.62 2.1 s.o 

LENS NUCL (Y) 0.32 n.d. 0.10 0.27 0.21 2.7 

LENS NUCL (0) 0.06 n.d. 0.02 0.01 0.79 5.6 

The unit for each sample is uM of lipid per mg of wet tissue 

weight. 

Data point is the mean value from two separate 

determinations and the standard deviation is within 2.9% for 

corneal epithelium, 4.0% for corneal stroma, 5.8% for lens 

epithelium, 12.7% for lens cortex, and 10.5% for lens 

nucleus, respectively. 

n.d.= not detected 
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PE - phosphatidylethanolamine 

PI - phosphatidylinositol 

PS - phosphatidylserine 

PC - phosphatidylcholine 

SPH - sphingomyelin 

CHOL - cholesterol 

(Y) - young animals 

(0) - old animal 
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these results on the lens agree well with previous studies 

(Anderson et al., 1969; Li and so, 1987). 

Among the lipid classes, the ratio of PC/SPH is a 

marker for membrane fluidity. The higher the ratio the less 

rigid the membrane becomes. PC/SPH values of various tissues 

were determined and are listed in Table 23. Membrane 

fluidity is a function of the degree of structural ordering 

of lipid bilayers and is an important feature in regulating 

functional properties of the membrane. Results indicated 

· that there were differences in PC/SPH ratio among different 

ocular tissues. The epithelium had a higher PC/SPH ratio 

indicative of a less rigid (more fluid) structure. The lens 

nucleus had the lowest ratio implying that it was the least 

fluid tissue in the eye. Differences in PC/SPH between young 

and aged animals were calculated and are listed in Table 24. 

The results clearly indicated that a relationship between 

the PC/SPH ratio and age of the animal. The younger tissues 

exhibited higher values which indicated a less rigid 

structure. The difference in the oldest tissue (lens 

nucleus) between different age groups exceeded 100 fold. 

A slight difference in the cholesterol content of the 

cornea and lens epithelium was observed between the two 

different age groups. A significant increase in cholesterol 

was observed in the old lens cortex and nucleus. Cholesterol 

is thought to intercalate between the phospholipid residues, 

reducing the fluidity of the liquid crystal state by 
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Table 23 

Changes in PC/SPH Ratio of Various Ocular Tissues 

SAMPLE PC 

CORNEA EPI (Y) 10.9 

CORNEA EPI (0) 10.7 

CORNEA STR (Y) 2.8 

CORNEA STR (0) 2.8 

LENS EPI (Y) 8.7 

LENS EPI (0) 3.6 

LENS CORTEX (Y) 1.3 

LENS CORTEX (0) 0.62 

LENS NUCL (Y) 0.27 

LENS NUCL (0) 0.01 

(Y) - Young Rabb1ts 

(0) - Old Rabbits 

EPI - Epithelium 

STR - Stroma 

NUCL - Nucleus 

SPH PC/SPH 

(fluidity index) 

2.35 4.6±0.1 

2.81 3.8±0.1 

0.20 14±1 

0.30 9.3±0.5 

0.34 26±2 

0.20 18±1 

0.4 3.3±0.4 

2.1 0.29±0.04 

0.21 1.3±0.1 

0.79 0.01±0.00 
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Table 24 

Age-Related Changes in PC/SPH Ratio 

of Various Ocular Tissues 

Young/Old Ratio PC/SPH 

Cornea Epithelium 1.2±0.1 

Cornea Stroma 1.5±0.1 

Lens Epithelium 1.4±0.1 

Lens Cortex 11±2 

Lens Nucleus 130±10 
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interacting with the fatty acid side chains. The molar ratio 

of cholesterol/phospholipids (CHOL/PL) is shown in Table 25. 

In rapid turn over biological membranes it is typically 

about 0.5. Only the results from corneal epithelium were 

close to this number. The CHOL/PL ratio, another measurement 

of membrane rigidity, is higher in the old than in the young 

for lens cortex and nucleus but not other tissues, due to 

lower PL levels and higher CHOL levels in the older lens. In 

the nucleus of the old lens, the CHOL/PL value exceeded 6.0. 

The ratio between different age groups is shown in Table 26. 

The young lens cortex and nucleus had a lower CHOL/PL ratio 

than the old lens, indicating a more rigid structure in the 

old tissues. It is possible that in extremely slow turnover 

tissues such as the lens this ratio could distinguish 

between different age groups. The difference in the CHOL/PL 

ratio was not as great as the PC/SPH ratio suggesting that 

the PC/SPH ratio is a more sensitive indicator of changes in 

membrane fluidity than the CHOL/PL ratio. overall, changes 

in these lipid classes have been demonstrated to be the main 

factors that affect the biophysical structural order of aged 

corneal and lens cell membranes. Age-related decreases in 

the ratio of phosphatidylcholine to sphingomyelin were 

observed in aged cornea and lens. These results provide 

evidence for a decrease in membrane fluidity in both aged 

cornea and lens tissues. The results also suggest that the 

small decrease in membrane fluidity of aged cornea 





Table 25 

Changes in CHOL/PL Ratio of Various Ocular Tissues 

SAMPLE PL 

CORNEA EPI (Y) 18.1 

CORNEA EPI (0) 18.4 

CORNEA STR (Y) 4.13 

CORNEA STR (0) 3.66 

LENS EPI (Y) 14.2 

LENS EPI (0) 5.56 

LENS CORTEX (Y) 3.00 

LENS CORTEX (0) 3.38 

LENS NUCL (Y) 0.90 

LENS NUCL (0) 0.88 

PL = Total Phospholipids 

CHOL = Cholesterol 

(Y) = Young Rabbits 

{0) = Old Rabbits 

CHOL CHOL/PL 

10.7 0.59±0.02 

10.4 0.56±0.02 

1.40 0.34±0.01 

0.72 0.20±0.01 

3.6 0.25±0.02 

1.17 0.21±0.01 

3.3 1.1±0.1 

5.0 1.5±0.2 

2.7 3.0±0.3 

5.6 6.4±0.7 
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Table 26 

Age-Related Changes in CHOL/PL Ratio 

of Various Ocular Tissues 

Young/Old Ratio CHOL/PL 

Cornea Epi 1.00±0.05 
,, 

. ~ :. 
i ' 

Cornea Stroma 1.7±0.1 l' .,. 

Lens Epi 1.2±0.1 

Lens Cortex 0.7±0.1 

,, 

Lens Nucleus 0.47±0.07 ~~ 
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may be a part of the mechanisms that affect membrane 

permeability and tissue binding because these two 

biochemical features are usually affected by membrane 

rigidity. 
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CHAPTER IV 

DISCUSSION 

Age-Related Changes in the cornea 

The delivery of compounds to target tissues in the eye 

is Qifficult because of the multiple protective barriers 

imposed by the eye against the entry of compounds. In the 

evaluation of a rational therapeutic approach in 

ophthalmology, the age of the patient may be another 

important consideration. The rabbit has served as an animal 

model for the study of age-related factors which affect 

ocular drug disposition. The overall objective of the 

present study was to conduct a systematic study of membrane 

permeabilities and biochemical changes in young and aged 

corneas in order to gain fundamental information on the 

effects of aging of the cornea and to develop the strategy 

for optimal delivery of ophthalmic drugs in elderly 

patients. The results clearly indicated that the aging 

process in the cornea is associated with changes in several 

biochemical and functional (physiological) parameters. These 

changes are discussed below in more detail. 

Penetration experiments were carried out by means of 

passive transport of specific compounds under steady-state 

107 
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conditions using in vitro perfused cornea diffusion cells. 

Permeabilities of a variety of compounds with different 

physicochemical properties were determined in young and old 

intact and denuded rabbit corneas. These studies clearly 

demonstrated age-related differences in the corneal 

permeability of a variety of compounds. A significant 

decrease in permeability with age was observed. The degree 

of difference depended on the lipophilicity and molecular 

weight of the compound and the integrity of the corneal 

epithelial cell layer. The difference was more pronounced 

for large hydrophilic than for small lipophilic compounds in 

the intact corneas. 

Compounds differing in molecular weight exhibited 

greater differences in permeability compared to compounds 

differing in lipophilicity in both young and old intact 

corneas (8-fold versus 2-fold). These age-related permeation 

changes in the corneal epithelium suggest that the 

epithelial membrane becomes more lipophilic or more rigid 

with age due to changes in membrane partition coefficients 

or in membrane fluidity. Compounds, therefore, encounter 

more resistance in penetrating the aged intact cornea. 

Compounds like fluorescein dextrans (10,000 and 70,000) 

and LHRH are very hydrophilic and probably cross the 

epithelial cell layers only through the paracellular space. 

Therefore, their entry is governed by the state of the 

intercellular junctional complexes. Usually, epithelial 
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permeability is a combined function of transfer through the 

paracellular spaces between the epithelial layers 

(paracellular) and penetration across the epithelial cell 

membranes (transcellular). Probably, a compound which 

penetrates the cell membrane with more difficulty (high 

molecular weight hydrophilic compounds) may be more 

sensitive to changes in the barrier function. Therefore, 

age-related permeability changes in these compounds (eight

fold) are much more pronounced than small lipophilic 

compounds (about two-fold). 

Unless drug is very lipophilic (for example betaxolol), 

generally a two- to 100-fold increase in corneal penetration 

occurs when the corneal epithelial barrier is absent. 

Without the epithelial barrier, the stromal/ endothelial 

layers become the sole barrier for large hydrophilic 

compounds. This barrier provides more resistance in the old 

than in the young corneas as indicated by a two fold 

decrease in permeability for all compounds tested. For 

betaxolol, the epithelial layer actually appeared to promote 

its penetration, since the amount of betaxolol entering the 

stroma was slightly decreased after removal of the 

epithelial barrier for both the young and aged corneas. This 

higher permeability may have been related to betaxolol's 

greater ability in promoting the fluidity of phospholipid 

membranes as suggested by Shi and Tien (1986). 
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The data on permeability changes in denuded cornea 

suggest age-related changes in the biochemical and 

structural matrix of stromal/endothelial cells in addition 

to and distinctly different from the aging changes of the 

corneal epithelium. Furthermore, the molecular weight 

(size)-dependent permeability differences (>ten-fold) are 

greater than the lipophilic-dependent differences (<ten

fold). This indicates that, in addition to the lipophilic 

epithelial barriers, the stromal/endothelial layers are also 

important permeability barriers for large hydrophilic 

compounds. 

The penetration of small electrolytes is dependent on 

transmembrane resistance. Old corneas exhibit a higher 

resistance (1.7-fold), indicating that small electrolytes do 

not penetrate the old cornea as easily as the young cornea. 

Such differences may reflect changes in the properties of 

cells that make up the epithelial and stromal/endothelial 

tissues. The changes may be due to alterations in cellular 

lipid content and/or in cell- to cell- junctional structures 

in the cornea. 

Fick's laws of diffusion state that the flux across a 

membrane is a function of the concentration gradient and the 

inherent ability of a compound to diffuse across the 

membrane (diffusivity) (Dalmark and Storm, 1981). As seen in 

equation 1 (page 57), the value of the permeability 

coefficient is directly proportional to the ratio of EDK/~h. 
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No apparent difference in h (membrane thickness) was 

observed from the morphology studies. In addition, no 

significant difference in K (membrane partition coefficient) 

of one model compound, suprofen, was found between these two 

age groups. Therefore, differences in permeability most 

likely reflect differences in E (membrane porosity), D 

(diffusion coefficient), and t (tortuosity) between the 

young and old corneas. The permeability differences due to 

age can probably be attributed to structural variations 

which affect E, D, and t in the two age groups. Thus, the 

amount of any material diffusing per unit time per unit area 

across a biological membrane depends upon the 

physicochemical properties of the molecule and its 

interaction with the membrane (Lee, 1975). Any changes in 

membrane components associated with aging may result in a 

difference in permeability of the compound. In summary, 

changes in corneal permeability do occur with age and have a 

potential to alter ocular drug bioavailability. 

In general, the corneas of older eyes had a decreased 

permeability to these test compounds which suggested 

alterations in both the drug flux and the membrane system. A 

similar finding was observed in the small intestinal 

microvillous vesicles of rat. The passive permeability 

coefficients of thiamin transport decreased with increasing 

aqe (Gastaldi, et al., 1992) which suggested that aging was 





associated with intrinsic alterations of the enterocytic 

plasma membrane. 
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It is well known that peptidases in the cornea are 

extremely active and the metabolic and permeation barriers 

to the ocular penetration of peptides are substantial 

(Stratford and Lee, 1985; Kashi and Lee, 1986). During and 

after crossing the cornea, LHRH (the model peptide for this 

study) was rapidly hydrolyzed by peptidases in the cornea 

and less of it was detected in the receiver solution. 

Therefore, its apparent permeability appeared less than the 

larger fluorescein dextran (M.W.=10,000 Mass). In the 

denuded cornea, the smaller LHRH was more permeable than the 

larger fluorescein dextran (M.W.=10,000 Mass) which suggests 

that the corneal epithelium contains the highest peptidase 

activities. Without peptidases in the epithelial layer to 

break down LHRH, the intact compound can cross the 

stroma/endothelium barrier better and follows the inverse 

relationship between permeability and molecular weight. 

These results demonstrate that the epithelium is the major 

penetration and metabolic barrier for hydrophilic proteins 

and peptides for both the young and old animals. 

There also appear to be differences in the esterase and 

phosphatase hydrolytic activities in corneal tissues using 

dexamethasone acetate and dexamethasone phosphate as model 

compounds. With the epithelium removed, results from these 

in vitro techniques were very similar to results of other 





113 

investigators using in vitro (Hull et al., 1974 and Cox et 

al., 1972) and in vivo (Kupferman and Leibowitz, 1975) 

models of corneal penetration. The permeability coefficients 

of dexamethasone and dexamethasone sodium phosphate 

increased in the denuded corneas about four-fold in the 

young and six- to nine- fold in the old. By comparison, 

permeability of dexamethasone acetate was unaffected in both 

the young and the old denuded corneas. The age-related 

changes in the rate of enzymatic hydrolysis are different in 

the intact and denuded corneas (0.71 versus 1.53 for 

esterases; 1.44 versus 1.13 for phosphatase). The rate of 

hydrolysis is an important criterion determining the 

distribution and half-life of many prodrugs (activation by 

hydrolysis) which come into contact with the cornea. 

Within each class of enzymes, the activities of only 

certain enzymes of old tissues are lower than those of the 

young; others are higher. All the enzymes within a class do 

not show a specific type of change with age (Erlanger and 

Gershon, 1970 and Barja and Freire, 1992). Furthermore, 

certain enzymes that decrease in one tissue with age may 

increase in another (Lee et al., 1983). Thus, the activities 

of enzymes located in different cell compartments do not 

show any predictable pattern of change. For example, 70% of 

esterase activity resides in the corneal epithelium. The 

esterase activity in the corneal epithelium is predominantly 

microsomal. In contrast, almost all of the esterase activity 
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in the stroma is cytosolic or extracellular. The levels of a 

variety of enzymes have been studied as a function of age, 

but the data do not give any clue to the mechanism of aging. 

It is clear, however, that alterations in the activities of 

enzymes with age could affect the physiological/ 

pharmacological functions of specific tissues. For example, 

in prodrug delivery systems, changes in enzymatic activities 

will affect the bioavailability of these compounds in the 

body (Lee and Robinson, 1986). 

It has been suggested that the liphophilicity of the 

membrane barriers largely determines the selectivity of 

penetration of certain compounds through the cornea (Lee and 

Robinson, 1986). The present studies show that the corneal 

epithelium is the most important structure in determining 

both the quality and quantity of penetration and metabolism, 

and that these parameters are markedly altered with age. 

In the past, little attention has focused on the lag 

time associated with in vitro corneal penetration. The 

investigation of corneal penetration of suprofen shows that, 

for both young and old corneas suprofen has a long 

diffusional lag time which is concentration dependent. The 

overall corneal permeability remains the same for both young 

and old corneas (independent of concentration). The results 

from these penetration studies show that suprofen binds to 

the stroma and thus has an extended lag time which is 

concentration-dependent. The theoretical model presented in 
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this thesis accounts for the overall dependence of lag time 

on concentration. One can easily obtain the necessary 

information about compound binding with the cornea as well 

as other penetration parameters from this theoretical model 

in addition to some limited experimental results. The 

maximum binding capacity (k) obtained from transport studies 

is remarkably similar to the one obtained from equilibrium 

binding studies (under the assumption that the binding is a 

simple isothermal phenomenon). 

The value of k (273 ugfml) for suprofen from the 

application of the theoretical model to the transport data 

was found to be in good agreement with the value obtained 

directly from the binding experiment determined in the young 

tissue (280 ugfml). However, the value of k (95.8 ugfml) 

from the theoretical calculations was considerably higher 

than the experimental one (60 ugfml) in the aged tissue. 

Most likely, the tissue binding in the old stroma is more 

complicated than simple isothermal binding. It is worthwhile 

to study this binding effect in more detail. Overall, the 

binding constant for suprofen in the old stroma (26.5 x 10-3 

mlfug) is much higher than that in the young (4.89 x 10-3 

mlfug). 

The normal thickness of the corneal stroma/endothelium 

is about 0.04 em (Maurice and Mishima, 1984). A theoretical 

calculation of corneal thickness from the model gives a 

thickness of 0.05 em in the young and 0.08 em in the old, 
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indicating that although both young and old corneas had 

similar thickness from ultrastructure analysis, the old 

tissue apparently had more complex and tortuous pathways and 

compounds took a longer time to pass through the old cornea. 

The value for the diffusion coefficient for both young (2.04 

x 10-6 cm2 fsec) and old ( 1. 39 x 10-6 cm2 fsec) is quite 

reasonable for a gel matrix (stroma). 

In addition, if one assumes that binding takes place 

predominantly in the corneal stroma (not in the epithelium), 

then one can analyze the lag time data for the entire cornea 

according to a model for transport across a two-layer 

membrane with binding in the second membrane (stroma). (See 

Appendix A for the mathematical model). In addition to the 

stromal binding data, one must consider the corneal 

permeability and partition coefficient as well as the lag 

time. The intercept and slope between the lag times and 

concentration for suprofen in the cornea were shown in Table 

16. The corneal permeability kper for suprofen can be 

written as : 

(4) 

Where 1A and 18 are the thickness of the epithelium and 

stroma respectively, and DA and D8 are the diffusion 

coefficients of the epithelium and stroma respectively. The 





. 117 

partition coefficient between GBR buffer and the lipid 

component of the epithelium is qiven by P (3.7 for the younq 

and 4.2 for the old). 

The laq time (see Appendix A) is qiven by 

tL = tLO + tLB 

where tw is now qiven by 

and t 18 in its hiqh-bindinq limit is qiven by 

(5) 

(6) 

Usinq the values of 18 (0.04 em for nonswollen stroma) and 

De from the stroma transport studies one calculates 111 = 

0.018 em, 0 11 = 6.23 x 10-8 cm2fsec and k = 161.8 uqfml for 

the younq tissue and 111 = 0.025 em, 011 = 2.47 x 10-8 em2 fsec 

and k = 57.2 uqfml for the old. The value of 011 is smaller 

than that of 08 , as expected, and the value for k is 

reasonable but somewhat smaller than the bindinq result for 

the younq but close to the bindinq results for old animals. 

The value for 1A for both younq and old is larqer than the 

actual thickness of the epithelium (0.005 to 0.009 em) and 

may reflect a tortuous pathway in the corneal epithelial 

membranes. The fact that the laq times and permeability 

coefficients qive a reasonable diffusion coefficient and 
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most penetration parameters leads one to believe that this 

simple model is sufficient to describe the transport 

phenomenon. 

Few pharmacokinetical reports have dealt with how 

cornea binding affects the overall disposition of drugs in 

the eye. Conceivably, the rate at which a drug is released 

from the cornea can markedly influence the pharmacological 

response and may vary from patient to patient. For compounds 

that bind, like suprofen, and thus have long lag time, it is 

expected that the peak time in aqueous humor would be much 

longer than the usual twenty minutes as suggested by Sieg 

and Robinson (1976). According to Leibowitz et al. (1986) 

and Tang-Liu et al. (1984), topical dosing with suprofen or 

flurbiprofen gives an aqueous humor concentration peak time 

of 60 minutes and 2-4 hours respectively. These results 

indicate that the time course of in vivo aqueous humor drug 

concentration should be determined in order to optimize the 

drug delivery process. One would expect many anionic drugs 

too have rather long lag times for corneal penetration and 

reach peak aqueous humor concentrations at a time longer 

than the usual 20 minutes. The lag time can be measured 

conveniently in vitro and be used to estimate the time for 

peak aqueous humor concentration. 

Since the old tissue has a higher binding constant, it 

may take longer for the drug to be released from the old 

corneas. The difference between young and aged stromal 

. I 
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binding constants may indicate structural changes in 

collagen and the proteoglycan matrix. For example, during 

aging the solubility of collagen decreases which may reflect 

the higher binding constant in the old tissue. 

Since most compounds penetrate the cornea by simple 

diffusion, one of the specific biochemical mechanisms 

responsible for different permeabilities between young and 

old corneas may be attributable to changes in membrane lipid 

composition and structure. Phospholipid analysis of the 

rabbit cornea reveals that only the SPH content has a 

significant positive correlation with age; all other 

phospholipid species remain basically unchanged. These 

results provide evidence that a decrease in membrane 

fluidity of the cornea (as measured by the ratio of PC/SPH) 

occurs with age and is an important mechanism that accounts 

for the modified corneal membrane function with age. Here, 

membrane fluidity was not directly measured, but estimated 

indirectly based on the corneal membrane phospholipid 

composition. 

When similar approaches are applied to the lens, more 

pronounced age-related changes in phospholipid compositions 

and membrane fluidity can be found. In the aged lens, the 

most marked change in phospholipid content was the age

dependent increase of SPH and the decrease of PC. During 

aging there was a considerable decrease in C14:0 acid and 

C16:0 acid. In contrast, an increase in the levels of C18:1 
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acid was observed in the old lens. In addition, 20:4 content 

almost doubled in the old lens epithelium making the 

peroxidation index increase with age. All changes found in 

this study are very close to previously published results 

(Zelenka, 1984). It is well known that lens is the oldest 

tissue in the body, and membrane permeability is much lower 

in aged lens. 

Changes in the ratio of phosphatidylcholine/ 

sphingomyelin have been demonstrated to be the main factors 

that affect the biophysical structural order of cell 

membranes. In the rapid turnover tissues (corneal epithelium 

and lens epithelium), the extent of modification of the 

membrane fatty acid composition is limited. It is not 

surprising that the physical properties, in terms of bulk or 

average membrane fluidity parameters, can also change only 

to a small degree. In contrast, for aged tissues (lens 

cortex and nucleus), age-related changes in fatty acids are 

more pronounced because they tend to accumulate over time. 

Therefore, differences in membrane fluidity between young 

and old tissues are much greater. These findings of 

decreased fluidity with age in the cornea and lens are in 

accordance with other studies carried out by different 

techniques on the membrane fluidity of rat hepatocyte and 

human and mouse lymphocytes (Benedetti, et al. 1988 and 

Huber, et al. 1991). 
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Phosphatidylcholine and sphingomyelin are located 

primarily in the outer extracellular monolayer of the 

membrane while anionic phospholipids such as phosphatidyl

ethanolamine, phosphatidylserine, and phosphatidylinositol 

are distributed in the inner monolayer. During the aging 

process, membrane lipid polyunsaturated fatty acids may 

undergo peroxidation, resulting in the accumulation of 

cross-linked products such as malondialdehyde. Repair, 

replacement of cross-linked lipids, or inhibition of lipid 

peroxidation may prevent this membrane aging process. Lipid 

peroxidation can increase the rigidity (decrease fluidity) 

of the monolayer of phospholipid model membranes. In 

summary, the alterations in lipid content may be an 

important mechanism that modulates corneal membrane function 

with age. 

Age-dependent changes of membrane constituents, such as 

phospholipids, proteins, cholesterol, etc., may result in 

the modification of important membrane properties such as 

fluidity, activity of membrane bound enzymes, receptor 

mobility, excitability, and transduction of biological 

messages. The aging process may result in altered protein 

and lipid synthesis, degradation, or modification, leading 

to changes in membrane channels and/or charges, and thus 

altering the permeability of various compounds. Age-related 

changes of physicochemical properties of lipid phase might 

affect protein molecular conformation and function through 
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either changes in bulk lipid fluidity or through specific 

lipid-protein interactions. It is possible that the change 

in permeability to drugs is a reflection of age-related 

altered cell membrane properties. Results suggest that the 

membrane fluidity alterations of aged cornea can be a 

significant part of the mechanism of altered corneal 

permeability. 

From these data, it appears that the dynamic features 

of membrane monitored by drug transport are significantly 

affected by aging. Results also provide indirect evidence of 

a decrease in membrane fluidity in the aged cornea. This 

modification could be considered one of the mechanisms which 

contributes to altered corneal permeability properties. 

Particularly remarkable is the decrease in the apparent 

fluidity of the corneal epithelium and stroma/endothelium. 

Such a perturbation could be induced by peroxidation of 

lipid in the membrane of the aged tissues. Free radical 

reactions, considered a key factor of the complex phenomena 

occurring during aging, could augment the differences in the 

membrane fluidity altering, as a consequence, the mobility 

of the membrane proteins. 

overall, the present study indicates that in cornea, 

aging is associated with changes in membrane constituents 

(lipids) and membrane physical properties which lead to 

decreased membrane fluidity (i.e. increased viscosity). The 

functional correlations associated with these physical 
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alterations are increased transmembrane resistance, 

decreased membrane permeability, altered enzymatic 

activities (esterases and phosphatase), and altered corneal 

drug binding. 

Changes in the corneal permeabilities have both basic 

and applied importance. Obviously, considerations of drug 

delivery through the cornea for treatment of ocular diseases 

must take into account these changes in both the selectivity 

and sensitivity of penetration with age. For example, the 

transfer of molecules through cornea decreases with age due 

to the decreased permeability, so that delivery of nutrients 

or therapeutic agents to the interior of the aged eye 

becomes progressively less efficient. Consideration of such 

changes could lead to altered drugs, altered dosages or 

altered modes of drug ,delivery for the elderly. Thus, an 

attempt to develop rational age-related dosage modifications 

for ophthalmic drugs must include a consideration of 

functional difference as well as age effects. Secondly, the 

basic biochemical factors associated with the aging cornea 

have yet to be clearly sorted out and are, currently, a 

subject of considerable interest. For example, the nature of 

the age-related changes in the corneal membranes may also 

reflect age-related changes in membranes of other tissues. 

The plasma membrane is, in fact, the structure through which 

a cell recognizes specific biological signals, communicates 

with its environment, controls the intake of nutrients, 
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releases wastes, and allows the flux of ions which determine 

its electric state. Clearly a fundamental understanding of 

the age-related changes in cell membrane permeability is 

most basic because it governs cells' basic physiology and 

homeostasis. 

As our understanding of the biochemical/physiological 

events in the cornea during aging deepens, how to rejuvenate 

the aging cornea becomes an intriguing challenge. Since the 

rate of the aging process is variable and depends on the 

effects of several different inherent and outside factors 

that accelerate or retard this deterioration. Some of these 

factors may be accessible to intervention. For example, it 

is well known that malnutrition exerted a protective effect 

on cell membranes of old animals by slowing down the 

increase in membrane microviscosity (Pieri et al., 1991; 

Levin et al., 1992 and Yu et al., 1992). 

Antonian and his associates (1987) suggested that the 

age-dependent decrease in membrane fluidity precedes 

irreversible changes in the chemical composition of the 

membrane proteins. They proposed that a therapeutic lipid 

mixture (AL 721) could restore proper membrane fluidity 

before membrane aging had reached an advanced stage. They 

claimed that physiologically diminished cell function due to 

increased rigidity of its membrane was reversible both in 

vitro and in vivo by AL 721. Fluidization of aged membranes 

with AL 721 has been shown to: 1) restore brain serotonin 





receptor function both in vivo and in vitro (Antonian , et 

al., 1987); 2) restore deficient immune responsiveness of 

lymphocytes to mitogen stimulation in aged subjects 

{Rabinowich, et al., 1987 and Provinclali, et al., 1990); 

and 3) markedly reduce withdrawal symptoms from drug 

tolerance to morphine {Antonian, et al. 1987). 
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These results correlate the hypothesis that a 

rectification of rigidified cell membranes may represent a 

valuable approach to restore proper physiological function 

in .old age {Provinciali, et al., 1990). It is important to 

determine if the age-dependent decrease in corneal 

permeability can, in fact, be reversed by AL 721. The 

prevention or modulation of the aging process in cornea 

remains an exciting research goal and merits exploration. 

In addition to studying the rejuvenation of aged cornea 

by chronic treatment with AL 721 to reverse those age

related changes in function, several other experiments are 

proposed to address some unanswered questions. 

1) Examine protein components in young and old corneal 

epithelium and stroma by gel electrophoresis to 

explore the possibility of post-translational 

protein modification. An understanding of the 

molecular structure of corneal proteins including 

collagen is necessary to appreciate the changes in 

its properties as a function of age. 
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2) Study corneal membrane fluidity by two direct 

fluorescence methods. The first of these, 

fluorescence polarization, is based on the 

microviscosity dependence of the rotational 

diffusion rate of a fluorophore, 

diphenylhexatriene (DPH), in membranes. The second 

method, pyrene excimer fluorescence, measures the 

microviscosity-dependence of the lateral diffusion 

rate of the probe pyrene in the membrane plane. 

3) Determine whether a similar pattern of tissue 

binding is observed for other anionic compounds 

(cromolyn and prostaglandins etc.). At 

physiological pH, suprofen exists primarily as an 

anionic compound, and it is hypothesized that 

anionic drugs in general may exhibit a similar 

tissue binding phenomenon. 





APPENDIX 

The lag time t 1 , for transport across a membrane with 

two layers, A and B, where binding occurs in membrane B is 

given by 

where the component without binding, tw, is given by 

equation and 18
2 /608 whereas the binding component is 

Where 

I 1 + ul ] 

(A1) 

(A2) 

The limit as C0 or u becomes large is the result given by 

equation 6. 

The method for obtaining the lag time is that of Frisch 

(1957). The application of this method for laminated 

membrane can be found in Crank and Park (1968) and the 

application for binding can be found in reference (Cooper, 
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1974). The result given by equation A2 was obtained by a 

combination of these two methods. 
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