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  Abstract 

   Purpose.   The purpose of this study was to evaluate partitioning into and transport across posterior segment tis-
sues (sclera, retinal pigment epithelium (RPE)–choroid) of AL-4940, the active metabolite of angiostatic cortisene 
anecortave acetate (AL-3789). 
   Methods.   Transport of [ 14 C]-AL-4940 was measured through RPE–choroid–sclera (RCS) and sclera, excised from 
Dutch Belted pigmented rabbits’ eyes, in the directions of scleral to vitreal (S→V) and vitreal to scleral (V→S) for 
3 h at 37°C using Ussing chambers. Tissue integrity was monitored by transepithelial electrical resistance (TEER), 
potential difference (PD), and biochemical assay (LDH). Partitioning in RPE–choroid and sclera was determined 
separately for both [ 14 C]-AL-4940 and [ 14 C]-AL-3789. Mathematical analysis for bilaminate membranes used par-
titioning and transport data to derive diffusion coeffi cients for 2 tissue layers sclera and RPE–choroid. 
   Results.   Partitioning of drug in tissue was comparable for both [ 14 C]-AL-4940 and [ 14 C]-AL-3789. Partition coef-
fi cients of drug in tissue were 2.2 for sclera and about 4 for RPE–choroid. Permeability through sclera alone was 
about 3 × 10 −5  cm/s and about 1 × 10 −5  cm/s through the RCS tissue, irrespective of the direction of transport 
(S→V) or (V→S). Results from bioelectrical and biochemical evaluation of tissue with modifi ed LDH assay pro-
vided evidence that the RCS tissue preparation remained viable during the period of transport study. 
   Conclusions.   The thin RPE–choroid layer contributes signifi cantly to resistance to drug transport, and diffusiv-
ity in this layer is 10 times less than in sclera. This experimental scheme is proposed as an important component 
for the development of a general ocular physiologically based pharmacokinetic model.     

  Introduction 

 Because of the growing incidence of ocular diseases in 
the aging population, interest has increased in develop-

ing pharmacotherapeutic treatment of diseases of the eye, 
particularly those affecting the posterior ocular segment.  1   ,   2   
Practical methods are being devised for treatment of the 
retina, choroid, and optic nerve by the sustained adminis-
tration of drug through the exterior sclera. One such drug 
that was at one point being investigated for treatment of 
age-related macular degeneration was the cortisone mol-
ecule anecortave acetate. This agent was administered with 

a blunt-tipped, curved cannula, delivering a posterior jux-
tascleral depot: the hypothesis was that such a depot could 
provide a slow release of drug for diffusion across the poste-
rior segment tissues into the macular portion of the retina.  3   
Although attempts for developing a useful therapy were not 
successful, the studies conducted with this material never-
theless have utility as a model for understanding the fate of 
drugs administered in the posterior segment. 

 In the design of alternative ocular therapies, it is useful to 
obtain a general method for determining pharmacokinetic 
response to a variety of drug administration routes. We have 
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 Previous experiments demonstrated that transport of dex-
amethasone sodium  m -sulfobenzoate (DMSB),  8   gancyclovir,  9   
mannitol,  10   ,   11   and folic acid  11   through intact retinal pigment 
epithelium–choroid–sclera (RCS) membrane is reduced 
several fold compared with transport through sclera alone, 
indicating that the RPE–choroid layer contributes most of 
the resistance to transport for these molecules. Some authors 
determined both drug diffusion coeffi cients and partition 
coeffi cients directly from the transport data, using the time-
lag  12   method . This method typically requires reliable data at 
frequent time intervals early in the transport experiment. 

 Mathematical methods are available  13   for the analysis of 
multilaminate membranes, and were adapted using the data 
available  8   ,   9   to estimate how rugged the determination of 
partition and diffusion coeffi cients might be from lag-time 
data alone. In applying the lag-time method for bilaminate 
membranes to these test datasets, it was found that a high 
degree of uncertainty exists in the determinations of either 
diffusion or partition coeffi cients (Missel, P.J., 2000, unpub-
lished results). 

 Thus we examined the transport of radiolabeled drug 
through both excised intact RCS membrane and through 
sclera alone, which had been denuded of RPE–choroid. 
Rather than relying upon the lag-time method to measure 
the partition coeffi cient, a separate set of  in vitro  experiments 
was undertaken to directly measure the partition coeffi cient 
of drug between buffer and each posterior ocular tissue 
type. There are literature reported methods for estimating 
eye tissue partition coeffi cients.  10   ,   14   In this way, we demon-
strate methods for unambiguously determining the diffu-
sion and partition coeffi cients in posterior ocular tissues. 

 In the 1950s, Ussing and Zerahn introduced a diffu-
sion cell model for ion transport studies across frog skin 
that was combined with a voltage clamp technique.  15   This 
technique has been adapted and improved for investiga-
tions in other tissues. The  in vitro  Ussing chamber system 
mounts animal mucosal membrane between 2 side-by-side 
diffusion cells. It has been used to evaluate the absorption 
characteristics of new drugs at the membrane level.  16–20   
Continuous validation of the integrity and the viability of 
the tissue is assessed by measuring electrophysiological 
parameters.  15   ,   20   The Ussing chamber system is a convenient 
 in vitro  model for assessing barrier properties of posterior 
segment tissues and for investigating factors infl uencing 
drug permeability.  

  Methods 

  Reagents and solutions 

 [ 14 C]-AL-3789 and [ 14 C]-AL-4940 were obtained from 
Amersham Biosciences. Cremophor ®  EL was obtained from 
Sigma. 

 Other reagents were of analytical grade, and were used 
as received. Distilled, deionized water was used in the prep-
aration of all buffers and mobile phases. 

 Dulbecco’s phosphate buffer solutions (DPBS) for trans-
port experiments contained 129 mM NaCl, 2.5 mM KCl, 
7.4 mM Na 2 HPO 4 , 1.3 mM KH 2 PO 4 , 1 mM CaCl 2 , 0.74 mM 
MgSO 4 , 5 mM glucose, and 0.01% vol/vol cremophore. 
Immediately before transport experiments began, a fresh 
solution of the [ 14 C]-AL-4940 was prepared in dimethyl sul-
foxide (DMSO) and spiked into the buffer solution to yield a 

attempted to develop general models capable of predicting 
pharmacokinetic response to intravitreal or posterior jux-
tascleral administration. Theoretical models used for mass 
transport through and elimination from the eye simulta-
neously accounted for both diffusivity and partitioning of 
drug into tissue,  4   ,   5   and for infl uences of the choroidal sink 
and hydraulic fl ow.  6   Attempts were made to apply fi nite ele-
ment analysis to simulate  in vivo  experiments, and to derive 
the tissue diffusion and partition coeffi cients from fi ts to 
experimental results. 

 Preliminary  in vivo  studies employed anecortave acetate, 
AL-3789, and its active metabolite, anecortave desacetate, 
AL-4940 (see  Fig. 1 ). Anecortave acetate (4,9(11)-preganadien-
17α,21-diol-3,20-dione-21-acetate, MW 386) is an angiostatic 
cortisene. Model experiments have presented this compound 
to the rabbit eye by 2 distinct modes of administration: intra-
vitreal injection (Chastain and colleagues)  7   and insertion of 
a juxtascleral device.  5   The intravitreal injection experiment 
was designed in such a manner so as to facilitate the deduc-
tion of model system parameters, such as tissue-specifi c 
diffusion and partition coeffi cients and the choroidal elimi-
nation rate. It was anticipated that all of these parameters 
could be deduced from this single experiment by fi tting to a 
fi nite element kinetic model.  

 This model would then be validated by the model’s abil-
ity to predict the ocular drug distribution resulting from a 
completely different mode of drug administration, the jux-
tascleral device. However, the mathematical relationships 
amongst system parameters are extremely nonlinear and do 
not permit the unambiguous assignment of parameter val-
ues from a single  in vivo  experiment. Separate experiments 
are required to determine the diffusion and partition coef-
fi cients of drug in tissue. It is the purpose of this report to 
describe an appropriate method for making these separate 
independent determinations of these coeffi cients. 

 The posterior ocular tissue is a trilaminate structure com-
prised of neural retina, retinal pigment epithelium (RPE)–
choroid, and sclera. Ideally one would characterize resistance 
to drug transport in each of these isolated tissues in separate 
experiments. However, it is impractical to isolate the choroid 
or retinal layers from the sclera or from each other to obtain 
a sample suitable for transport experiments. In addition, 
because the neural retina is easily damaged, inclusion of this 
portion of the retina, even in combined layers, is extremely 
diffi cult. Only the sclera can be reliably isolated and its 
transport properties examined directly independently of the 
infl uence of the other layers. The transport properties can 
dependably be examined only by measuring the infl uence of 
RPE–choroid on transport through the sclera. 
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  FIG. 1.     Structure of anecortave acetate (AL-3789, R = 
acetate) or the corresponding desacetate (AL-4940, R = 
hydrogen).    
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 Here  P  T  = apparent permeability coeffi cient (cm/s), the sub-
script T denoting the tissue type (T = S for sclera, RCS for 
intact RCS membrane),  V  = volume of the receiver cham-
ber (cm 3 ),  A  = tissue surface area (cm 2 ),  C  0  = donor concen-
tration at start of experiment, and  dC / dt  = change in the 
concentration of compound in receiver chamber over time 
(min). Statistical tests were performed to compare the per-
meability values. Student’s  t -test was employed at 95% con-
fi dence level to test the differences between permeability 
values.  

  Electrophysiological measurements 

 Electrophysiological studies were performed with RCS 
tissue preparation during the transport experiments to 
monitor tissue viability. Transepithelial electrical resistance 
(TEER) and potential difference (PD) were recorded at prede-
termined times during experiments with calomel electrodes 
attached to 3% agar gel bridges and EVOM voltmeter. The 
electrodes were allowed to equilibrate with buffer at 37°C 
before insertion into the donor and receiver chambers.  

  LDH assay 

 Viability of the tissues was assessed by a modifi ed lac-
tate dehydrogenase (LDH) assay. Tissue (RCS) was mounted 
on the Ussing chamber and incubated under same experi-
mental conditions as described for transport studies. Tissue 
damage was assessed by measuring LDH activity released 
in the medium, expressed as a percentage of total tissue 
LDH activity. LDH released into the buffer during incuba-
tions was normalized to a percentage of the total tissue LDH 
content. Tissue specimens upon removal from the eyes were 
frozen by immersion in liquid nitrogen and rapidly thawed. 
These tissues were homogenized using tissue homogenizer 
and served as a reference. LDH effl ux assay and protein con-
tent of the tissues were determined according to directions 
of assay kit with slight modifi cations.  

  Partitioning studies 

 All experiments were conducted in triplicate. The poste-
rior segment tissues were dissected and isolated into neural 
retina, RPE–choroid and sclera. These tissues were placed 
immediately upon dissection into preweighed microcentri-
fuge tubes. The average weights of the sclera, RPE–choroid 
and retina were 0.195 ± 0.027, 0.026 ± 0.010, and 0.014 ± 0.007 
g, respectively. One milliliter of phosphate-buffered saline 
(PBS) was added and the tubes were incubated at 37°C for 30 
min. Tubes were then spiked with either 0.0156 μCi [ 14 C]-AL-
3789 or 0.0175 μCi [ 14 C]-AL-4940, vortexed, and incubated for 
an additional 6 or 12 h. 

 The tubes were then centrifuged at 5,000 rpm for 5 min 
and the supernatants were collected in preweighed scintilla-
tion vials and the vials were reweighed. One milliliter of PBS 
was added to the tissue pellets and the tubes were vortexed 
and centrifuged at 5,000 rpm for 5 min. The wash was col-
lected in preweighed scintillation vials and reweighed. The 
tissue pellets were removed with forceps and transferred to 
preweighed scintillation vials and reweighed. The tissues 
were solubilized using 1 mL Solvable ®  overnight at 50°C. 
Scintillation vials containing supernatants, tissue pellets, 
and tissue washes were spiked with 12.5 mL of scintillation 

drug concentration of 0.1764 μmol/mL. Final concentration 
of DMSO in the buffer was not >0.5% wt/vol.  

  Animals 

 Dutch Belted pigmented rabbits weighing 2–2.5 kg were 
employed in these studies. All the procedures performed 
on the animals were conformed to the ARVO Resolution 
for the Use of Animals in Ophthalmic and Vision Research. 
Prior to harvesting tissues, rabbits were anesthetized using 
ketamine HCl (35 mg/kg) and xylazine (5 mg/kg) adminis-
tered intramuscularly, and then euthanized by an overdose 
of sodium pentobarbital administered through the marginal 
ear vein. Eyes were excised immediately after euthanasia 
and the posterior segment was carefully removed after cut-
ting along the corneal–scleral limbus junction.  

  Ussing chamber setup 

 The Ussing chamber apparatus (USS4S, World Precision 
Instruments, Inc., Sarasota, FL) that was employed for per-
forming transport experiments was the same as used previ-
ously (schematic diagram appears in  Fig. 1  of Ref.   11  ). In brief, 
the tissue is mounted between 2 fl uid cells, which are main-
tained at equal hydrostatic pressure to avoid tissue damage. 
Fluid circulation is achieved by injecting compressed air at a 
controlled rate into tubing that connects each cell with reser-
voirs mounted 20–25 cm above each cell. Fluid temperature 
was thermostated at 37°C.  

  Tissue preparation for transport studies 

 The posterior segment, RCS, was placed with the scleral 
side down in a Petri dish containing DPBS at 37°C and 
washed to remove any blood and extraneous matter pres-
ent. A small circular shaped tissue section was dissected 
carefully with the aid of microscissors and mounted on the 
Ussing chamber. In case of scleral tissue preparation, neu-
ral retina, RPE, and choroid were carefully peeled off from 
sclera with forceps prior to tissue mounting.  

  Transport experiments 

 All transport experiments were carried out in quadrupli-
cate. Transport experiments were performed across sclera 
and RCS from sclera to vitreous (S→V) and vitreous to sclera 
(V→S) directions at 37°C for 3 h. Five milliliters of DPBS was 
added to donor and receiver chambers and the tissue was 
allowed to equilibrate for 30 min. At time 0, 1 mL of drug 
solution was added to the donor side and 1 mL of buffer 
solution to the receiver side, and compressed air was applied 
to effect stirring. Samples (200 μL) were withdrawn from the 
receiver chamber at predetermined time intervals. Five mil-
liliters of scintillation cocktail was added to the samples and 
analyzed using a Beckman scintillation counter (Beckman 
Instruments Inc., Fullerton, CA; Model LS-6500). Flux val-
ues for [ 14 C]-AL-4940 were calculated by dividing the slope, 
obtained by plotting a cumulative amount of the compound 
permeated vs. time, with the area available for diffusion, 
that is, 0.1256 cm 2 . The permeability values were calculated 
by dividing the fl ux values by the concentration of permeant 
in the donor as shown in equation 1. 

 
P V A C dC dtT = 31 0( ) ( )3

  
(1)
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 where  D  S  is the diffusion coeffi cient (cm 2 /s),  P  S  is the perme-
ability as determined from the transport experiment (cm/s), 
 h  S  is the thickness of the sclera (cm), and  k  S  is the partition 
coeffi cient of drug in sclera. In the second experiment, the 
transport is measured through the intact bilaminate mem-
brane. The diffusivities and thicknesses of both layers con-
tribute to the resistance to drug transport, so a mathematical 
approach is required to deduce the value of  D  RC , the diffusion 
coeffi cient in the RPE–choroid, treated as a single layer. We 
use an approach based upon the series partitioning model 
of the cornea described by Lang and Stiemke.  21   The fl uxes 
through layers 1 and 2 are given by: 
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 At steady state,  J  RC  =  J  S . We also make use of the following 
relations: 
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 where  C  D  is the concentration in the donor solution,  C  R  is the 
concentration in the receptor solution, and  k  RC  is the average 
partition coeffi cient of the RPE–choroid layer. Substituting 
eqs. (5–7) into the equality  J  RC  =  J  S , using eqs. (3) and (4), we 
obtain: 
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 Solving eq. (8) for  C  2 , we obtain: 
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 where we have evaluated the expression in the limit of zero 
receptor concentration, which will greatly simplify the math-
ematics below. At steady state, the fl ux through either one 
of the layers is simply  P  RCS  times the donor concentration, 
where  P  RCS  is the permeability measured through the intact 
bilaminate membrane. We evaluate the right hand side of eq. 
(8) in the limit C R  → 0 and set equal to the measured fl ux: 
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 Substituting eq. (9) for  C  2  into eq. (10), we obtain: 
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 Solving this expression for  D  S , we obtain: 
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cocktail, the vial surfaces were cleaned, and the [ 14 C] activity 
was counted using a liquid scintillation counter. 

 The partition coeffi cient values were calculated after 
normalizing the radioactivity to tissue weights. Total mass 
balance of radioactivity distributed between tissue, super-
natant, and wash was accounted for within 20%. Control 
DPBS solutions spiked in the same way as tissue samples 
produced scintillation counts to within 5% of the amounts 
expected. In all cases the amount of radioactivity in the 
wash was found to be negligible.  

  Mathematical methods 

 Although in principle an attempt to characterize the 
transport properties of retina, choroid, and sclera as 3 sepa-
rate layers in a trilaminate membrane may be possible, it is 
experimentally impractical and mathematically tedious to 
attempt. Thus we consider the simplifi ed case of a bilaminate 
membrane, in which the RPE and choroid comprise a single 
layer (layer RC), and the sclera comprises layer S.  Figure 2  
illustrates the steady-state drug concentration distribu-
tion in a hypothetical bilaminate tissue assembly installed 
between donor and receptor compartments at a particular 
time during a transport experiment. To derive the diffusion 
coeffi cients in each layer of the bilaminate membrane, the 
partition coeffi cient of drug in each layer must fi rst have 
been determined, and 2 different transport experiments 
must be conducted. The fi rst of these is to measure the rate of 
drug transport through sclera alone that has been denuded 
of the RPE–choroid. From this we may obtain an estimate of 
the diffusion coeffi cient in this layer as follows:  
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  FIG. 2.     Hypothetical steady-state drug concentration distri-
bution in a bilaminate membrane during a transport experi-
ment, illustrating the effect of partitioning. Abbreviations: 
 C  D , donor concentration;  C  R , concentration in receptor com-
partment;  C  1 , concentration just inside the fi rst bilaminate 
layer in contact with the donor compartment;  C  4 , concentra-
tion just inside the second layer in contact with the receptor 
compartment;  C  2 , concentration just inside the fi rst layer in 
contact with the second layer;  C  3 , concentration just inside 
the second layer in contact with the fi rst layer.  h  RC  and  h  S  are 
the thicknesses of the RPE–choroid and sclera, respectively.    
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 Table 1 . No signifi cant differences among polarized fl uxes of 
[ 14 C]-AL-4940 were observed across the sclera or RCS in the 
S→V and V→S directions. However, signifi cant differences in 
the fl ux values of [ 14 C]-AL-4940 were observed across sclera 
and RCS in both directions. As shown in  Table 2 , permeabil-
ity of [ 14 C]-AL-4940 across sclera was nearly 3-fold higher as 
compared with RCS in both S→V and V→S directions.     

  Electrophysiological measurements 

 The TEER values across RCS were 86.40 and 85.14 Ohm/
cm 2  in DPBS and DPBS with 0.5% DMSO wt/vol, respectively. 
The transepithelial PD values across RCS were 2.91 and 3.05 
mV in DPBS and in DPBS with 0.5% DMSO wt/vol, respec-
tively. Steady-state values for TEER and PD for RCS remained 
relatively constant during the 3-h study period and 4 h after 
removal, indicating that the viability of the RCS was main-
tained over the experimental period ( Fig. 4A  and  4B ). A major 
advantage of electrophysiological measurements was that 
damaged tissues can be recognized and replaced before addi-
tion of the test compound and the viability of the membranes 
can be continuously monitored. In contrast, studies where 
permeability markers were used in the absence of electro-
physiological measurements, information about membrane 
damage was not available until the completion of analysis.   

  Biochemical evaluation of the tissue 

 The biochemical activity of the RCS was investigated by a 
modifi ed LDH assay. Tissue specimens mounted on the Ussing 
chamber simulated transport experiments and specimens 
incubated upon removal from the rabbit eye served as refer-
ence. Percentage viability of RCS was found to be 94% and 91% 
in the DPBS and DPBS with 0.5% DMSO wt/vol, respectively. 
Results from the LDH assay confi rmed that 3 h of incubation 
in the Ussing chamber did not appear to have any major infl u-
ence on the viability and integrity of the tissues ( Fig. 5 ).   

  Partitioning of [ 14 C]-AL-3789 and [ 14 C]-AL-4940 in 
posterior ocular tissues 

 Results for both compounds appear in  Table 2 . Partitioning 
at 12 h is ranked RPE–choroid > retina ≥ sclera for each 
compound. The degree of partitioning appears to approach 
equilibrium after 12 h. There is not much difference between 
partitioning values in the various tissues between the 2 drug 
species. Since we are treating the RCS as a bilaminate, and 
not a trilaminate membrane, we can only attribute a single 

 The correctness of this result may be proved by recasting it 
in the form of series resistance to transport for a bilaminate 
membrane. Rearranging Eq. (12) slightly, we obtain: 
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 From Eq. (2) we infer: 
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 Similarly, 
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 Thus Eq. (13) can be rewritten as follows: 
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 Taking the inverse of both sides, we obtain: 
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 Rearranging, we obtain the mathematical statement that 
the resistance to transport of the bilaminate membrane is 
the sum of the resistances of each of the layers, as transport 
resistance is inversely proportional to the permeability  10  : 

 

1 1 1

P P PRCS RC S

5 1

    
(18)

  Results 

  Transport of [ 14 C]-AL-4940 across RCS and sclera 

 Transport of [ 14 C]-AL-4940 across RCS and sclera, in the 
vitreal to scleral direction and vice versa is shown in  Figure 3 . 
Permeability values for [ 14 C]-AL-4940 are summarized in 
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  FIG. 3.     Transport of [ 14 C]-AL-4940 across sclera and retinal 
pigment epithelium–choroid–sclera (RCS) membrane. Solid 
symbols: transport across sclera. Shaded symbols: transport 
across RCS membrane. Triangles: donor compartment adja-
cent to vitreous side. Diamonds: donor compartment against 
outer sclera. Each measurement represents mean ± SD of 4 
separate determinations.    

 T able  1.    [ 14 C]-AL-4940 P ermeability  V alues  A cross  RCS 
 and  S clera  T issue  P reparation   

Tissue Direction
Permeability 
(cm/s) × 10 −5 

RPE–choroid–
sclera (RCS)

Sclera to vitreal side 1.05 (± 0.08)*
Vitreal to scleral side 0.91 (± 0.10)**

Sclera Sclera to vitreal side 3.27 (± 0.34)
Vitreal to scleral side 2.63 (± 0.30)

   *Statistical difference between RCS (S→V) and sclera (S→V) at a 

level of  P  < 0.05.  

  **Statistical difference between RCS (V→S) and sclera (V→S) at 

a level of  P  < 0.05.   
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 If the smaller thickness for the RC layer is used, includ-
ing only the choroid and the RPE layer, the value for  D  RC  is 
reduced to 3.15 × 10 −8  cm 2 /s.   

  Discussion 

 The horizontal Ussing chamber has been used as an 
 in vitro  model to study the transepithelial transport proper-
ties of mammalian RPE or choroid preparations in various 
species (cow, pig, dog, cat, monkey, rabbit).  10   ,   16   ,   27–29   Frambach 

partition coeffi cient to the single RPE–choroid layer. A good 
rough assignment that strikes a reasonable balance between 
the values measured for the RPE–choroid and retina is 4. We 
select a value of 2.2 for the sclera. In the case of AL-4940, the 
partition coeffi cient was similar in sclera (2.2) and retina (2.3), 
but ~2-fold higher in RPE–choroid (5.0). Only the sclera and 
RPE–choroid values were used in transport calculations.  

  Determination of tissue diffusion coefficients 

 We must select reasonable values for the thicknesses of 
the sclera and RPE–choroid layers. Amongst various domes-
tic animals, the sclera varies in thickness  22   from about 0.02 
to 0.08 cm. We selected a value of 0.03 cm, which matches 
values measured from similar tissue samples from adult 
rabbits in separate studies (Missel, unpublished data, 2000). 
A value of 0.011 cm for an average thickness of the retina is 
supported by histology  23   ,   24   and optical coherence tomogra-
phy measurements  24   in adult rabbits. The thickness of the 
choroid is problematic because of its collapse to one-half or 
less its  in vivo  thickness postmortem due to the lack of perfu-
sion.  25   Assessment of thickness by histology can be mislead-
ing because of the variability in thickness caused by partial 
collapse of vessels. We estimate the choroidal thickness to be 
0.007 cm based upon the weights of numerous dissections 
from circular punches of posterior segment tissues from 
adult rabbits.  7   Thus the total combined thickness of retina 
and choroid is assumed to be 0.018 cm. If only the single layer 
of the RPE (thickness 14 μm)  26   is included with the choroid, 
the combined thickness is reduced to 0.0084 cm. 

 From  Table 1 , the values of the permeabilities measured 
in either direction are quite comparable, and we select  P  S  ≈ 
3.0 × 10 −5  cm/s and  P  RCS  ≈ 1.0 × 10 −5  cm/s. From eq. (2), the 
value obtained for  D  S  is: 
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 which is about an order of magnitude lower than the diffu-
sivity of the drug in water or vitreous fl uid. Using this value 
for  D  S  in eq. (12), we obtain an estimate for  D  RC : 
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 T able  2.    P artitioning of  [ 14 C]-AL-3789  and  [ 14 C]-AL-4940  in  R abbit  S clera , 
C horoid –RPE,  and  R etina   

Tissue

Partition coeffi cient  a  

[ 14 C]-AL-3789 [ 14 C]-AL-4940

6 h 12 h 6 h 12 h

Sclera 1.62 ± 0.19 2.12 ± 0.12 1.86 ± 0.25 2.19 ± 0.13
Choroid–RPE 6.94 ± 3.69 5.17 ± 1.33 3.42 ± 2.23 4.94 ± 1.95
Retina 0.52 ± 0.11 2.91 ± 1.15 0.39 ± 0.25 2.17 ± 0.62

    a The partition coeffi cients are calculated as a ratio of concentration in the tissue (μCi/g) 

and concentration in the supernatant (μCi/g).   
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  FIG. 4.     ( A ) Transepithelial electrical resistance (TEER) val-
ues for retinal pigment epithelium–choroid–sclera (RCS) for 
3 h at 37°C in Dulbecco’s phosphate buffer solutions (DPBS; 
pH 7.4). ( B ) Transepithelial potential values for RCS for 3 h 
at 37°C in DPBS (pH 7.4) measured using EVOM voltmeter. 
Each data point represents the mean ± SD of 4 separate 
determinations.    
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30-min coupled enzymatic assay quantitates the amount of 
LDH released.  35   ,   36   The high percentage viability established 
by the LDH assay results in  Figure 5  provides further evi-
dence that the tissue was viable throughout the period of 
transport measurements. 

 The combination of biochemical assay (LDH assay) and 
electrophysiological measurements (TEER and PD) indi-
cated that the tissue remains viable during the entire trans-
port study period. Since PD and TEER remained stable, 
the equivalent short-circuit current ( I  eq  = PD/TEER) also 
remained constant, indicating that the solutes assessed did 
not affect the active ion transport across the tissue. 

 Chemical substances will partition into the various ocu-
lar tissues corresponding to their lipophilicity. This gen-
eral fact can be advantageous for optimizing delivery of 
topically applied compounds, without requiring detailed 
measurements of partitioning into selected tissues.  37   
Physiologically based pharmacokinetic (PBPK) modeling 
attempts to make more quantitative predictions of chemi-
cal species distribution, and have undertaken the systematic 
direct measurement of partition coeffi cients in each of the 
tissues of interest.  38   ,   39   Rather than attempting to deduce the 
tissue partition coeffi cient from a lag-time coeffi cient, as has 
been done in other ocular PBPK studies,  8   ,   9   ,   40   we undertook 
the direct measurement of partitioning in the separate tis-
sues of the posterior segment. This removed the ambiguity 
in the determination of the partition coeffi cient, and also 
eliminated the strong mathematically nonlinear interaction 
between the assignment of partition and diffusion coeffi -
cients from a single experimental dataset. In this study, we 
observed that the partitioning of AL-3789 and AL-4940 in 
the various posterior segment tissues is comparable after 
12 h of equilibration. Since AL-3789 is rapidly converted to 
AL-4940 in ocular tissue, we anticipate that the permeabil-
ity and partition coeffi cients of AL-4940 would be useful in 
predicting its delivery following administration of AL-3789. 
The inclusion of the acetate group increases the lipophilicity 
of AL-3789 relative to AL-4940. This increased lipophilicity 
may have led to a more rapid equilibration of AL-3789 with 
choroid–RPE, compared with AL-4940 (see  Table 2 ). One 
ambiguity in the scintillation counting measurements is the 
possibility that the chemical species, particularly AL-3789, 
may have undergone conversion by metabolism in part, 
which is a limitation of this technique. 

 The value measured for drug permeability through sclera, 
3 × 10 −5  cm/s compares favorably with the values found for 
a variety of small drug molecules that range from about 1 to 
5 × 10 −5  cm/s.  41   Although  Figure 2  is not drawn to scale with 
respect to the proportion of tissue and cell volumes, the rela-
tive proportion of RPE–choroid to sclera is correct, as are the 
magnitudes of the concentration discontinuities at the tis-
sue interfaces as calculated by equation (9). The resistance to 
drug transport in each layer is inversely proportional to the 
slope of the change in concentration with distance in each of 
the 2 tissue layers. The majority of the resistance to transport 
in the intact RCS membrane rests in the RPE–choroid layer, 
contributing about two-third of the resistance. This is some-
what comparable with the situation observed by Pitkänen 
and colleagues  42   for a hydrophobic substance. They found 
the RPE to be a major barrier for the transport of hydrophilic 
substances, but for lipophilic materials the RPE–choroid 
and sclera were approximately equivalent barriers. Kansara 
and Mitra found that RPE–choroid offered no additional 

et al.  30   were the fi rst to report transport studies through RCS 
preparations from rabbit. The fragile nature of the RPE–
choroid in the rabbit would make it extremely diffi cult if 
not impractical to study this thin layer by itself. Therefore, 
we performed permeability of AL-4940 across intact RCS 
because it maintains the tissue in a viable state by the con-
tinuous supply of compressed air—a situation that is closer 
to the  in vivo  situation than when circulation is effected only 
by mechanical means.  31   Further, we assessed the permeabil-
ity across sclera alone in order to estimate the permeability 
of RPE–choroid. The lack of a signifi cant difference in the 
rate of drug transport between the vitreous to sclera and 
sclera to vitreous directions in RCS or sclera suggests the 
absence of signifi cant active transport under the conditions 
of the study. Therefore, the distribution in ocular tissue was 
explained and modeled simply on the basis of its physico-
chemical diffusion and partitioning properties. 

 During permeability studies across RCS membrane, the 
integrity of the tissue was continuously monitored using 
TEER and PD. A decrease in the TEER during the course of 
the experiment would indicate potential loss of the integrity 
of RPE tight junctions. The PD refl ects the ability of RPE to 
maintain active ion transport.  32   Resistance values were com-
parable with those previously reported for RCS preparations 
in the rabbit,  30   whereas the transepithelial PD that averaged 
2.94 mV was lower than recorded previously.  30   However, 
since no signifi cant differences in either TEER or (PD)) were 
observed during the entire experiment, it was determined 
that tissue integrity was not altered during the transport 
experiments ( Fig. 4A  and  4B ). 

 Tissue viability was further confi rmed by measuring 
LDH, a cytosolic enzyme released only when there is cell 
damage.  33   ,   34   The color intensity of a red formazan product 
resulting from the conversion of a tetrazolium salt (INT) in a 
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  FIG. 5.      Tissue viability study for retinal pigment epi-
thelium–choroid–sclera (RCS) for 3 h at 37°C in Dulbecco’s 
phosphate buffer solutions (DPBS; pH 7.4) with 0.5% dim-
ethyl sulfoxide (DMSO; vol/vol) using lactate dehydro-
genase (LDH) assay. Controls are fresh tissues assumed 
to be 100% viable. The total LDH quantifi ed in the lysates 
of freshly isolated tissue formed a basis to assess the rela-
tive viability of tissue with the other 2 treatments. For the 2 
treatments, tissue was exposed to the respective treatments 
for 3 h and the LDH released into the medium was quanti-
fi ed. Each data point represents the mean ± SD of 4 separate 
determinations.    
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resistance to transport across intact RCS as compared with 
sclera alone for the lipophilic drug diazepam.  11   

 It must be kept in mind that these measurements are, in a 
sense, static descriptions of the tissue, since one of the very 
important features that is operational  in vivo  that cannot be 
reproduced in these  in vitro  models is the effect of the vas-
cular choroidal clearance. The magnitude of the choroidal 
clearance rate must be deduced from  in vivo  measurements, 
simulated from a geometrically accurate model of the eye to 
which the materials property determinations from these  in 
vitro  measurements have been appropriately assigned to the 
various anatomical regions. In our future models of specifi c 
 in vivo  experiments, we will make these material property 
assignments and use the value of the choroidal clearance 
strength as a single adjustable parameter to provide the best 
fi t to the time dependence of drug clearance after bolus intra-
vitreal injection. Other type of dynamic barriers can also be 
included.  43   Another important limitation to keep in mind is 
the fact that animal species differences and pigmentation 
will impact tissue partitioning and transport.  44   

 One alternative source for retinal tissue is to use  in vitro  
cell culture systems. The  in vitro  techniques for evaluat-
ing retinal drug delivery mainly involve primary cultures 
of retinal cells and human retinal pigment epithelial cell 
line, ARPE-19. Applications of such  in vitro  techniques can 
be informative and relatively inexpensive; however, cur-
rent  in vitro  systems suffer from signifi cant limitations. For 
instance, the ARPE-19 cell line is leaky in nature due to the 
relatively low density of tight junctions between epithelial 
cells, contrary to physiological conditions, and hence not 
entirely representative of  in vivo  conditions. Also, retinal 
cell culture models often do not faithfully reconstitute many 
of the differentiated properties of the cell from which they 
are derived.  45   Moreover, the interaction between RPE and 
underlying neural retina is absent in the cell culture mod-
els.  46   Excised tissues, as employed in this study, are expected 
to retain the RPE architecture similar to the  in vivo  models.  

  Conclusion 

 Based on the partition coeffi cient and permeability esti-
mates obtained in this study for AL-4940, we anticipate that 
its  in vivo  delivery can be adequately explained and modeled. 
The mathematical method proposed for determining trans-
port through separate layers is more mathematically robust 
than deductions based upon lag-time data. The analysis 
requires the independent measurement of tissue partition 
coeffi cients for the various layers in advance of the mathemat-
ical treatment. Although a similar method could conceivably 
be adapted for experiments in tri- and higher-order laminate 
membranes, it is unlikely that the data would be of suffi cient 
quality to support the fi tting of such data. It would be better 
in such cases to make separate experiments for combinations 
of bilaminate structures if they could be practically obtained.   
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