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Abstract

Ocularbarrierstodrugtransport make delivery of effective doses to posteriortargets
exceptionally difficult. Animal models have commonly been used to evaluate drug
distribution and penetrability, but translational tools to determine human dosing
are lacking. Here we present a framework for modeling interspecies variation by
simulating oxygen distribution in the posterior eye, from outer vitreous to the sclera.
Posterior eye models of mouse, rabbit, and human are presented with modifica-
tions based solely on species-dependent anatomical and physiological differences.
The model includes tissue and vascular contributions to transport. In addition to
oxygen, nitric oxide and its impact on oxygen metabolism is simulated. Depth-de-
pendent retinal oxygen partial pressure profiles are in good agreement with experi-
mental data for all three species. The model can be further extended to evaluate the
variations of retinal oxygenation in response to various drugs, formulations, admin-
istration protocols, and treatment plans. Further, this framework of ocular physio-
logically based pharmacokinetic/pharmacodynamic models could support animal
to human translation, a critical step in the drug development process.
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1. Introduction

Diseases impacting the posterior eye, such as glaucoma, diabetic neuropathy, and
macular degeneration, continue to cause visual impairment and blindness. Despite
numerous varied attempts to treat and cure these diseases, the problem remains
and continues to grow.'? Of particular significance to treatment challenges are the
many localized barriers to ocular transport, including tear turnover and drainage,
corneal barriers, the blood-aqueous barrier, conjunctival and lymph flow, and
retinal barriers.

These barriers make topical administration of traditional ophthalmic products
challenging due to low bioavailability at posterior targets, allowing less than 5% of
the active pharmaceutical ingredient (API) in eyedrops to reach ocular targets.>-
On the other hand, systemic administration to achieve effective concentrations
at posterior eye targets may require high drug doses that may result in adverse or
even toxic effects. While intravitreal, scleral, and periocular injections/implants can
improve the likelihood of achieving effective local APl concentrations, such methods
are extremely invasive and associated with increased risk. Much of the current
research focuses on the design of specialized vehicles for enhanced residence time
and ocular transport.®®

Specialized vehicle design requires a deep understanding of the barriers that
stand between the site of APl administration and the ocular target. In vitro cell
cultures, ocular explants and animal models are typically used to better understand
drug transport across these barriers and test treatments. Ophthalmic animal
models present a number of different visually specialized ocular systems that can
be used to address different questions. A significant amount of ophthalmic research
is conducted on mice due to their relative proximity to human eyes and their
unique genetic modification availability.>!° Of course, primate eyes also possess
relative proximity to humans!* but are costly and pose ethical issues.!?>** The rabbit
is another animal model that is commonly used in ophthalmic research,*'f with
anatomical references dating back to the 17%" century.!* The rabbit eye model is ideal
for ophthalmic research for several reasons: i) it is similar to humans, i) the animal is
relatively docile in nature, iii) they come in various sizes (breed-dependent), and iv)
they are more economical compared to other mammals (i.e., primates).'®

Animal testing is both time and cost intensive. Moreover, interspecies differences
in anatomy and physiology contribute to vastly different pharmacokinetics (PK) and
pharmacodynamic (PD) responses. A few examples of these differences include:
i) presence versus absence of certain structures (i.e., the nictitating membrane),
ii) tissue dimensions (i.e., surface area and thickness), and iii) vascularization
location (i.e., vascular versus avascular retina). These differences can explain why
so many new investigational drugs do not pass phase Ill clinical trials.’*?! The use
of computational models in combination with animal testing could significantly
decrease time and cost by filling in knowledge gaps and providing guidance for the
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development of therapeutic formulations and treatment protocols. Computational
models should be capable of capturing species-dependent differences in PK and
PD by accounting for ocular anatomical and physiological differences and should
enable animal-to-human translation. As a first step toward this type of model
development, we present physiologically based models of oxygen distribution and
metabolism in the posterior eye for mouse, rabbit, and human. When combined
with a physiologically based pharmacokinetic (PBPK) model it can be used as a PD
model for predicting drug-induced retinal oxygenation responses

The retina is one of the highest oxygen and glucose consuming tissues,? even
exceeding consumption rates in the brain;**-?° thus, retinal oxygenation plays an
important role in sustaining ocular health and function. Vascular systems supply
ocular tissues with oxygen, glucose, and other nutrients and remove toxins/waste.
Inadequate oxygenation of the eye can lead to adverse effects, including blurred
visionand even blindness under chronic conditions.? Hypoxic ocular states resulting
in elevation of intraocular pressure have also been reported as one of therisk factors
for glaucoma.?"?® Due to its importance to ocular health, retinal oxygenation has
been studied extensively in a number of different animal models. With the availabil-
ity of interspecies data sets and the essential role played in retinal function, oxygen
distribution profiles provide an excellent model validation dataset.

2. Methods

2.1. Model geometry

The posterior eye is comprised of relatively thin tissue layers, which includes the
retina, choroid, and sclera. The layout of the posterior eye model geometry is rep-
resentative of this anatomy. The retina, located between the choroid and vitreous
body/humor (Fig. 1), is comprised of the following layers (starting with the innermost
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Fig. 1. Anatomical layers of the retina: in vivo and in silico compartmental model.
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Table 1. Anatomical parameters for the retinal physiology mode

Nerve fiber layer 19.1% 23.6%
Ganglion cell layer 33.4% 75.0%
Inner plexiform layer 59.6% 40.2%
Inner nuclear layer 27.8% 17.5% 37.7%
Outer plexiform layer 19.2% 8.50% 30.3%
Outer nuclear layer 62.8% 19.1%° 62.0%
Photoreceptors 26.0%° 28.5% 75.93334
Retinal pigmented epithelium 18.2%° 5.00% 26.3%
Choroid 17.0% 80.0% 300%¢
Sclera 15.0% 225% 600%

Retinal surface area 15.6%° 5204 10944

Vitreous Humor Vitreous Humor

A) Human/Mouse B) Rabbit

Fig. 2. Schematic of the posterior eye models for (A) mice and humans and (B) rabbits demon-
strating differences in vasculature.
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near the vitreous humor): inner limiting membrane (ILM), nerve fiber layer (NFL),
ganglion cell layer (GCL), inner plexiform layer (IPL), inner nuclear layer (INL), outer
plexiform layer (OPL), outer nuclear layer (ONL), outer limiting membrane (OLM),
photoreceptors (PL), and retinal pigmented epithelium (RPE). Figure 1 shows how
the in silico model layers/compartments represent the in vivo posterior structure.

All dimensions of the compartmental layers are physiologically based and spe-
cies-dependent. The common exchange area between the compartments is repre-
sentative of the surface area of the retina. Layer thicknesses and other geometric
parameters are listed in Table 1 by species.

Retinal vascularization plays important roles in oxygen and nutrient supply, toxin
removal, and drug delivery.? The outer retina is supplied by choroidal capillaries
that originate from ciliary arteries, which originate from the ophthalmic artery,
while the inner retina is perfused by the central retinal artery, also a branch of the
ophthalmic artery. A well-organized ocular vascular system adapts to meet the
metabolic requirements of the retina to ensure visual function. The choroid and
specific layers of the retina are vascularized.? On the other hand, blood supply in
the sclera is minimal, warranting the assumption that the sclera is avascular.>®

Tissue compartment volumes were calculated based on the retinal surface
area and compartmental thickness. Ocular vascularization is species-dependent.
In humans and mice, the retinal vessels exist within the GCL, IPL, and OPL.*® The
superior vascular plexus (SVP) infiltrates the GCL, the intermediate capillary plexus
(ICP) traverses the IPL, and the deep capillary plexus (DCP) is embedded in the OPL.
In addition to the retinal vessels, choroidal vessels — the choriocapillaris (CIA) —
provide a much more significant blood supply. Compared to human, the rabbit
has a significantly less vascularized retina that only contains the SVP.3** The spe-
cies-dependent differences in the vasculature layout for the posterior eye models
are shown in Figure 2.

Because retinal vasculature plays such a vital role in ocular transport, spe-
cies-specific vasculature models such as these can help in identifying translation-
al issues associated with differing PK and PD responses observed between animal
models and humans. The vascular system acts both as a source and a sink to the
connected tissues. Flow rate parameters were based on physiological values found
in literature Table 2. Vascular surface area calculation estimates are given in Table 3.

Vessel density for the rabbit was not available in literature and so the surface area
for the CIA and SVP were estimated at 550 mm? and 15 mm?, respectively. Note that
both values fall between the respective values for human and mouse. The average
diameter of the vessels in each vascular system are provided in Table 4.

Vascular system volume (V) was calculated as the volume of a cylinder,
V;=0.5"A;"r;, where A, is the surface area and r; is the average radius of the vascular
compartments represented by subscript (j=1, 2, 3, 4 for human and mouse and j =
1, 2 for rabbit, Fig. 2).
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Table 2. Species-dependent posterior eye vasculature parameters

Choroidal blood flow (mL/h) 1.52%01 53°% 43%2
Retinal blood flow (mL/h): 0.2451 0.63% 4.8%
SVP 0.11* 0.63 2.2%
ICP 0.05* -- 1.5*
DCP 0.07* -- 1.1*

SVP: superior vascular plexus; ICP: intermediate capillary plexus; DCP: deep capillary plexus
*Calculated from capillary density determined by optical coherence tomography
angiography.®*

QOA = QCRA + QCiA

QCRA = QSVP + QICP + QDCP

QSVP = aCRA + QCRA

QDCP = aDCP ' QCRA

Qi = Aicp " Qcra
Qgyp + Qpep + Aycp = 1

where Q is the volumetric flow rate, a is the fractional capillary density. The subscripts
indicate the following vasculature, OA: ophthalmic artery; CRA: central retinal artery; CiA:
choriocapillaris/choroid.

tCalculated using a mouse retinal wet weight of 3.3 mg.**

Table 3. Vascular surface area calculated estimates

Choriocapillaris 60.88+£0.6556 | 80%57 732 12.8
Superiorvascular plexus | 32.97+£3.9058 | 31.3+2.559 397 5.0
Intermediate capillary 45.05+5.3458 | 13.4+2.159 549 21
plexus

Deep capillary plexus 37.34+4.9658 | 20.3+2.659 450 3.3

Retinal exchange area x vessel density.
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Table 4. Vascular system average diameter

Choriocapillaris 25.060 20.061 25.062-64
Superior vascular plexus 11.065 8.4561 9.6566
Intermediate capillary plexus 5.565 -- 8.0266
Deep capillary plexus 5.565 -- 8.1266

Perfused Tissue
Non-Perfused Tissue
Blood

Fig. 3. Schematic representation of transport mechanisms in perfused and diffused tissue.

2.2. Governing equations and boundary conditions

2.2.1. Modeling oxygen transport in the posterior eye

Oxygen (0,) transport in the posterior eye involves both diffusive and convective
processes. Tissue-tissue and blood-tissue transport in the posterior eye segment
are primarily dictated by diffusion, whereas the transport in the blood is dominated
by the convective mechanism. Figure 3 shows these general transport consider-
ations, where diffusive fluxes, J, are represented by the double-headed arrows and
the convective transport, Q, is represented by the single-headed arrow.

2.2.1.1. Blood oxygen transport

Oxygen in the blood is exists in three forms: i) dissolved free oxygen in plasma, ii)
dissolved oxygen in the intracellular fluid of red blood cells (RBCs), and iii) reversibly
bound to hemoglobin (Hb) inside of RBCs. Each of these contributes to the total
partial pressure of oxygen in blood. Blood oxygen transport equations must
consider all three blood component contributions. The dissolved O, concentration
is related to the partial pressure via Henry’s Law:
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Co,= 0P, (1)
where C is the concentration [mL 02/cm3], a represents oxygen solubility [mL O,/
mmHg/m?3], and P is the partial pressure [mmHg].

Formulation of the conservation equation for blood oxygen in terms of partial
pressure was derived from the model presented by Goldman and Popel,*"° where
the total concentration of free and Hb bound O, is given by:

Py, =Py = 0P (1= H) + P H+C S H 2)

where P, is the total oxygen partial pressure in blood, and are the oxygen
solubility constants in plasma and RBC fluids, respectively, P, and P, are the oxygen
partial pressures in plasma and RBC fluids, respectively, H is the hematocrit, C,,, is
the 0,-binding capacity of Hb, and Sis the hemoglobin saturation fraction (described
in detail in the Appendix).

Oxygen transportin the blood can be determined by taking the partial derivative
of Equation 2 with respect to time, t, and a spatial direction, x. Here, these equations
are presented for blood components: plasma (Equation 3) and RBCs (Equation 4).

aa,P oa,P
(1-H) T;[?ﬂ"' u,(1-H) ——Pl—ﬂ = Rppr ~Jpir 3)
9(agPet CpppS) a(aRPR+ CupS)
e Uy T = R @)

where u, is the blood velocity, R, is a reaction term representing the plasma-RBC
oxygen exchange rate and j,, , is a flux density term representing oxygen exchange
between plasmaand tissue (subscript,, ;). Assuming that the oxygen partial pressure
in blood plasma (P,) and RBC fluids (P,) are in equilibrium, P, = P,, we can combine
Equation 3 and Equation to obtain a single equation for characterizing total oxygen
transportin blood:

P, P,
(ab—a?+H'CHbat) +U, " (A3 x by H- CHbat) —Jgr (5)

wherej, isthe blood-tissue oxygen flux density (equivalenttoj,, ;) and. Thesubscript
b included with parameters a, u, and P indicates these parameters are associated
with blood. Further homogenization, integration over the blood compartment
volume, and simplification of Equation 5 yields the final working equation for the
time-dependent partial pressure of O, in blood. The total oxygen partial pressure is
solved in each blood compartment, j, as follows:

dp Jorj
a1 BT -
E - V/ n‘P/’H'Pmn Qj (Pj PO) (6)

[(%*H oo, 75P7y7)) ]
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where Q; is the volumetric flow rate of blood through blood compartment j, P, is
the oxygen partial pressure entering the ocular vasculature (assumed equivalent
to systemic oxygen partial pressure), V; is the volume of blood compartment j, and
Jg; is the diffusive flux between the blood compartment and surrounding tissue
compartment. The subscriptj represents a specific vascular compartment (i.e., SVP
or choriocapillaris). Full derivation of the final working equation is provided in the
Appendix. Blood-tissue oxygen flux is given by:

JBT,j = Ky Apej(APr~ ab’Dj) (7)

where A,,represents the surface area of the vascular system and K,,is oxygen blood
capillary permeability. The subscript i represents a specific tissue compartment
(i.e., NFL or choroid). Permeability values for this model are calculated based on
diffusivity and diffusion distance (one-half of the retinal layer thickness or one-half
of the average diameter of the vascular system):

Koy =T , Koi =T (8
2D, 2D 2D, 2D,

whereDisthediffusion coefficient,/istherespectivecompartmenthalfthickness,and
ris the vascular-specific average radius. Inter-tissue permeability (K, ) is calculated
similarly, and the subscript i+I represents the adjacent tissue compartment. The
subscript tt or TT indicate the parameter is tissue-tissue or inter-tissue related. Note
that Equation EQ 6 is applied to each blood compartment separately.

2.2.1.2. Perfused tissue oxygen transport

Oxygen transport in perfused tissues is characterized by diffusive flux between
blood and tissue compartments, as well as between adjacent tissue compart-
ments. The blood-tissue diffusive flux for perfused tissues can be obtained by mass
balance from the blood oxygen transport equation and combined with the inter-tis-
sue diffusive flux to determine the time-dependent change in oxygen in a perfused
tissue compartment, which is given by:

aP,
a, Vv, ar - JBT,j +Jmi—R v 9)

met, i i

whereR,_ ., isareactiontermrepresentingoxygenmetabolismintissuecompartment
I, and J;; represents the net inter-tissue diffusive flux for tissue compartment j,
given by:

JTT,i = Ktt,i_i+1 ‘Att,i ' at(Pi+1_Pi) - Ktt,ifl_i'Att,i ' at(Pi_Pi—l) (10)
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where A, ;is the interfacial surface area (assumed equivalent to the retinal surface
area).

2.2.1.3. Non-perfused tissue oxygen transport

Some tissue compartments in the posterior eye model are not perfused and rely
solely on diffusive flux between tissue compartments to characterize the time-de-
pendent change in oxygen partial pressure, given by:

dp,
a Vi—==J,-R

i dt V; (ll)

met,i ' i
2.2.1.4. Ocular oxygen metabolism
Retinal cells are highly metabolically active, and as such, metabolism is a contribut-
ing factor to oxygen distribution in the posterior eye. However, oxygen metabolism
in the vitreous,” ONL,”? and RPE™ are reportedly negligible, and O, metabolism, R,,,
is set to zero.

Michaelis-Menten (MM) type equations are used to characterize oxygen
metabolism for the inner and outer retina and the choroid:

Vmuxi.Pti
R 5 (12)

met,i ~ Ut K, tP.,

where i represents a specific tissue layer or region (i.e., inner or outer retina, Fig.2),
R is the region-specific metabolic reaction rate, and V,,,, and K are MM constants
(specific to inner, outer, and choroid segments). Species-specific MM constants
used in our simulations are shown in Table 5. Oxygen metabolism in the choroid
was assumed to be the same as that in the sclera.

Table 5. Region and species-specific Michaelis-Menten constants for oxygen metabolism in
the posterior eye

Inner retina 8 2673 273
Outer retina 40 9073 273
Choroid 1 0.1* 1*

*Estimated
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2.2.2. Linking nitric oxide production and oxygen metabolism

Nitric oxide (NO) is a gaseous compound, which in mammals acts as a signaling
molecule and is involved in numerous physiological and pathological processes. NO
has been shown to regulate oxygen consumption in various species,” particularly
within the cardiovascular system. Additionally, NO plays a vital role in the synthesis
of cyclic guanosine monophosphate (cGMP), a compound which is associated with
autoregulation of ocular vasculature and has been linked to alteration of intraocular
pressure.

2.2.2.1. NO blood transport

NO transport in the vasculature is characterized by blood-tissue diffusive flux and
perfusion, similar to oxygen; however, an additional expression characterizing NO
scavenging must also be considered. In blood, NO is scavenged by hemoglobin. The
NO transport equation for blood compartments is given by:

dc

NOj _

V; at Ino a1~ Ay Cuo; V= Qp (CNO,j_ 0) (13)

where C,,; is the NO blood concentration in vascular compartment j, Jy, 47
represents the blood-tissue diffusive flux for blood compartment j, and A, is the
NO scavenging rate in blood. Our model assumes that NO is produced in the blood
compartment and that the NO content in the supplying arterial blood is negligible
(zero value in the convective term of Equation 13 EQ 13). The NO blood-tissue
diffusive flux is given by:

JNO,BT,j = KNO,bt,j .Abt,j(CNO,j_ CNO,i) (14)

where K, ,,; is the NO blood-tissue permeability, and C,,; is the NO tissue concen-
tration in compartment .

2.2.2.2. 0, metabolism
Lamkin-Kennard et al. developed and validated a model for characterizing oxygen
metabolism as a function of NO concentration.™ The reaction rate equation for
oxygen is modified to:

e (15)

where C,, is the NO concentration in tissue compartment i. Oxygen transport
equations remain unchanged. Oxygen metabolism constants were calibrated on the
data used for comparison (human,”™ mouse,” rabbit’”) to account for NO inclusion
in the model (Table 6).



Species-dependent differences in O, distribution in the posterior eye 21

Table 6. Calibrated oxygen Michaelis-Menten metabolism constants for inclusion of nitric
oxide production in rabbits

Region Vmax (units) Km (units)

Inner retina 6.15E-4 (mmHg/s) 2 (mmHg)
Outer retina 10.9E-4 (mmHg/s) 2 (mmHg)
Choroid 6.5E-5 (mmHg/s) 2 (mmHg)

2.2.2.3. NO perfused tissue transport

In the same way that oxygen is exchanged between blood and tissue, NO is also
transported from the vasculature to surrounding tissue by diffusive flux. The mass
transport equation for NO in vascularized tissue compartments is described by:

dc,

NO,i

Vi dr -~ JNO,TT,I‘ - JNOBpj - ?\t ' CNO,i. V; (16)

where J,, ;;; represents the net diffusive flux between the perfused tissue
compartment i and adjacent tissue compartments (i+1 and/or i-1) and A, is the NO
scavenging rate in tissue. Net diffusional flux between adjacent tissue compart-
ments is given by:

JNO?TT)i = KNon,iﬂ ’ Att,i(CNo,iﬂ - CNo,i) - KNO_tt,i—l ’ Att,i(CNO,i - CNO_ifl) (17)

Note that NO permeability values are calculated similarly to the method used for
oxygen.

2.2.2.4. NO nonperfused tissue transport

NO is further exchanged with nonperfused ocular tissues by diffusion. The mass
transport equation for NO in nonvascularized tissue compartments is described
by:

dC, o,
iodt

= J/vo,rr,i - 7‘[ CNO,i. Vi (18)

2.2.3. Numerical methods

The final set of O, and NO transport equations in the blood and tissue compart-
ments are described by a set of ordinary differential equations (ODEs). The final
set of ODEs are provided in the supplementary material by species. The dependent
variables for this system of equations includes: i) oxygen partial pressures in all
tissues (P), ii) oxygen partial pressures in all vasculature (P), iii) NO concentration

J
in all tissues (Cy, ), and iv) NO concentration in all vasculature (C,, ). The resultant
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system of ODEs is solved using in-house developed software, Computational
Biology (CoBi) tools. CoBi’s numerical methods for solving systems of stiff ODEs
has been previously reported in detail.”® CoBi tools are available at http://medi-
calavatars.cfdrc.com/index.php/cobi-tools/.

3. Results

The time-dependent change in oxygen partial pressure and NO concentration
in posterior ocular tissues and vasculature for human, rabbit, and mouse were
simulated. Most model input parameters were obtained from literature and are
provided in Table 7.

Estimated parameters were fit using the experimental data in Figure 4. For all
simulations, oxygen partial pressurein all tissues and vascular compartments was
initially set to 0, with the exception of the vitreous humor. Vitreous humor concen-
tration in all simulations and species was set to a constant value observed in the
experimental data sets obtained from literature. For those simulations involving
oxygen-nitrogen interplay, NO concentration in all tissues and vascular compart-
ments was initially set to 0.

Despite the fact that time-dependent simulations were performed, steady state
0, and NO values for each tissue were required for comparison with experimental
data. While minimal model calibration was required, some parameter values were
not available in literature. Specifically, the metabolic parameters for the 0,-NO
rabbit model had to be calibrated to fit the simulated data to the compared exper-
imental values. Best fit metabolism values were determined using open-source
non-gradient-based optimization methods, DAKOTA.*®

3.1. Oxygenation of the posterior eye

Spatial distribution of oxygen in the posterior eye (as a function of retinal distance
from the vitreous) was evaluated after allowing simulation to reach steady state.
The model was validated by comparing simulated oxygen partial pressure profiles
for mouse, human, and rabbit with experimental data (Fig. 4). For the mouse and
the rabbit, the retinal distance is nondimensionalized by the vitreous to choroid
thickness. Experimental data for comparisons were obtained from literature
(human™, mouse’, rabbit™).

Oxygen tension in the middle of the mouse and human retinas is reportedly
close to zero under normal physiologic conditions,”®821% and is most likely due to
the high oxidative demands of the photoreceptors and dependence on diffusive
oxygen transport.*®1°192 We capture this trend in our simulations as well. Overall,
simulation agrees well with experimental data profiles for all species (Fig. 4).
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Table 7. Model input parameters

0, Diffusivity in retinal tissue

1.97 x 10° m2/s™

0, Diffusivity in blood

2.18 x 10 m2/s%

NO Diffusivity in tissue

3.30 x 10°° m2/s®

0, Solubility in tissue

2.40 x10° mL O,/mL/mmHg?

0, Solubility in RBC fluid

3.38x10° mL O,/mL/mmHg®

0, Solubility in plasma

Blood hematocrit

2.82x10° mL O,/mL/mmHg®®

Human: 0.45%
Mouse: 0.45%
Rabbit: 0.378%8¢

Carrying capacity of
hemoglobin

Human: 0.335 mL 02/mL?®"
Mouse: 0.332 mL 02/mL®8
Rabbit: 0.400 mL 02/mL*

02 partial pressure entering
ocular vasculature

Human: 89 mmHg®

Mouse: (retina) 37 mmHg*®
(choriocapillaris) 47 mmHg®*

Rabbit: 73 mmHg®

Blood volumetric flow rate See Table 2
NO scavenging in blood by Hb 100 1/s%
NO scavenging in tissue by sGC | 1 1/s%4%

0, partial pressure in blood at
half hemoglobin saturation

Human: 26.6 mmHg*”
Mouse: 41.5 mmHg®’
Rabbit: 30.0 mmHg98

Hill exponent

2.787

0,: oxygen; No: nitric oxide; RBC: red blood
cyclase

cells; Hb: hemoglobin; sGC: soluble guanylyl

Determined from ratio of Hufner’s factor for human and mouse.

"Estimated.



i C. German, A. Boyer, A. Przekwas et al.
70
A) 60 [—Experimental B) 50 - : "
= (monkey) 1 ® Simulation ]
% 1 Py L 40 - —Experimental =%
E 40 ¢
g 30 ¢ g
2' 20 | "”:}3'”
10 ]
E:
0 ‘ . ‘
0 175 350 525 700 o 20 40 6 %0 100

Retinal Depth from Vitreous (um) % Retinal Distance (from VIT)

80

0

— Experimental

%ﬂ 60 [ ® Simulation
= 40
[
OI 20
(=W

4 o ®

O 1 1
0 20 40 60 80 100

% Retinal Distance (From VIT)

Fig. 4. Comparison of simulated oxygen partial pressure pharmacokinetic profiles with
experimental data for (A) human, (B) mouse, and (C) rabbit.

3.2. Oxygenation of the posterior eye with nitric oxide-dependent metabolism
The impact of the addition of a NO concentration component to oxygen metabolism
on oxygen distribution in the posterior segment was evaluated. Figure 5a demon-
strates that model inclusion of the NO component in oxygen metabolism improved
results when compared with experimental data and simulation of oxygen alone.
Steady state concentrations of NO were achieved relatively rapidly in the model
(Fig. 5b). Oxygen partial pressure in tissue and vascular compartments also reached
steadystatevaluesinasimilarly rapid manner.Oxygen-only simulationsalso reached
steady state rapidly, but not as quickly as those including NO considerations. The
steady state values for ocular tissue of approximately 0.2 puM or 200 nM are in good
agreement with published estimates of 295 nM in the rabbit vasculature.’®?
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Fig. 5. Simulation results from the rabbit posterior eye model for (a) spatial distribution of
oxygen in the posterior eye and (b) steady state NO concentrations matched well with exper-
imental data and expected values, respectively.

4, Discussion

Translation of results from animal models to humans has always been challenging.
This continues to hold true in ocular research and ophthalmic drug development.
Interspecies variation in ocular anatomy and physiology leads to very different
compound distribution profiles, and thus, varied degrees of PD effects. Predictive
computational models have the potential to explain and demonstrate interspecies
differencesin compound distribution in the retinal region and the corresponding PD
effects, thereby enhancing translational capabilities. Such models must highlight
anatomical and physiological differences for physiologically based scaling to reduce
model calibration and improve predictability. A unified mathematical modeling
framework that enables interspecies translation is currently lacking.

A number of mathematical models have been developed to describe retinal
oxygenation.’* These models typically evaluate oxygen profiles at steady state
and in one dimension across the retinal thickness, similar to our approach. Many
retinal oxygenation models lump the inner and outer retinal segments together,
often choosing to focus on the outer retina to avoid consideration of vasculariza-
tion. But with the important role the vasculature plays in retinal oxygenation, we
felt a vascular component was necessary. Further, current models use a single
vascular set for the entire posterior eye. The present model involves a topological
vascular layout in the retina and in the choroid. In an attempt to maintain physi-
ological relevance for the vasculature, we use a permeability-limited equation for
blood-tissue oxygen exchange based on the exchange surface area and compound
diffusivity. In contrast, current retinal oxygenation models use first-order kinetics
with a calibrated constant to represent elimination or supply by the vasculature,
lacking physiological relevance. The retinal models available in literature focus
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either on species with vascularized retinas (i.e., mouse or human) or on species
with an avascular retina (i.e., rabbit). To the authors’ knowledge, this is the first pre-
sentation of a single framework for modeling both types of retinas based solely on
anatomical and physiological differences.

This paper presents a framework for modeling interspecies variation in
oxygenation through physiologically based scaling of posterior eye anatomy and
species-specific placement of vascular structures. This framework significant-
ly reduces the need for model calibration by using species-specific anatomical
and physiological parameters, as well as compound-specific physicochemical
properties. Simulation profiles for retinal oxygen partial pressure along the posterior
eye depth from oxygen only simulations were in good agreement with experimental
data for all three species. The majority of model parameters, including anatomy,
physiological flow rates and metabolic constants, were obtained from literature.
Minimal parameter calibration was needed to fit the model. Fitted parameters were
primarily associated with vascular surface area and metabolic constants in some
species. The MM constant, Km, is assumed to be species independent. The oxygen
consumption constants for mouse and human were assumed to be identical, but
this assumption needs to be validated. The oxygen consumption constants in rabbit
were calibrated due to lack of data, and thus also need validating. However, signifi-
cantly lower values for the oxygen consumption constants in rabbits as compared
with humans/mice is a good assumption considering the avascular nature of the
rabbit retina.

Adequate oxygenation plays an important role in ocular health. Clear cor-
relations between ocular hemodynamics and various diseases (i.e., glaucoma,
retinopathy, etc.) have been demonstrated.”>'%%1% Oxygen also plays a role in the
production of cGMP via the soluble guanylyl cyclase (sGC)-mediated pathway (NO-
sGC-cGMP), as NO production rates are directly impacted by the percent oxygen
present.!®” Increased cGMP production in vascular smooth muscle cells has been
shown to induce vasorelaxation. Due to the impact NO has on oxygen metabolism
and the importance of both in major PD effect pathways, NO transport and effect
on oxygen metabolism was integrated into the rabbit retinal oxygenation model.
Simulated NO profiles were similar for all rabbit retinal tissues. These steady state
values matched well with reported physiological values. The fit of simulated oxygen
profiles along the retinal depth was slightly improved by the inclusion of NO and its
impact on oxygen metabolism. The metabolic parameter Vmax had to be calibrated
to accommodate the inclusion of NO. These values should be validated experimen-
tally.

Our framework is currently limited to posterior eye applications enabling either
systemic drug delivery or localized injections (periocular, scleral, or intravitre-
al). While the retinal segment is resolved in 1D in the radial direction, the vitreous
body, much larger by comparison, is not resolved at all, but represented by a
single compartment. While this may not be limiting for the current case, intravit-
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real drug injections may require high-resolution geometry. The model currently
neglects convective drug transport due to fluid flow from the ciliary body across
the retina. Initially, convective contributions were also considered in the present
model; however, after model evaluation both with and without retinal convection,
we found that convective contributions were negligible, and thus were not included
in any of our models. In the future, the impact of retinal flow should be investigated
across species. At present, flow velocity data for all species in this paper is limited.
Finally, the estimation of vascular surface areas requires validation for all species to
improve model strength.

This framework has the potential for advancement in multiple directions. While
we use oxygen profiles and local steady state NO concentrations to validate the
model, this framework could also be used to evaluate PK profiles for drugs used
to treat posterior eye diseases. The translational power of this model could be
extremely valuable in helping determine drug formulations, dosing amounts, and
regimens. Secondly, the expansion of this model to include the anterior segment of
the eye with increased vitreous body resolution would enable evaluation of topical
application. Topical application is the most commonly prescribed method for
treating ocular symptoms/disease; however, less than 5% of topically administered
drugs reach postcorneal ocular targets. Our posterior eye model could tie in easily
with some of the currently available compartmental anterior eye models. Lastly,
the incorporation of PD models would significantly advance the translational power
of this framework. With oxygen and NO models already in place, a logical next step
would be incorporation of a model of the NO-sGC-cGMP pathway for physiologically
based PK-PD modeling.

5. Conclusions

Oxygen is a critical metabolite for preserving retinal function in humans, and retinal
hypoxia is considered to be a factor in many retinal diseases. Better understand-
ing the oxygen transport and metabolism in different retinal layers may help in the
development of improved therapeutic intervention strategies. This paper presents
a physiologically based mathematical model of oxygen and nitric oxide distribution
in the posterior eyes of mouse, rabbit and human, accounting for species-specific
anatomical and physiological differences. The predicted profiles for retinal oxygen
partial pressure along the posterior eye depth are in good agreement with experi-
mental data for all three species. Minimal parameter calibration was needed to fit
the model. Fitted parameters were primarily associated with vascular surface area
and metabolic constants in some species.

Thedetailed modelofoxygentransportintheblood,distribution of choroid/retinal
tissues, metabolism in optically active retinal layers, and NO-induced vasoregula-
tion provide a foundation for evaluation of various pharmacological interventions.



28 C. German, A. Boyer, A. Przekwas et al.

The present model has been designed as a pharmacodynamics module in the
integrated PBPK/PD simulation framework!®® to evaluate the variations of retinal
oxygenation in response to various drugs, formulations, administration protocols,
and treatment plans. Moreover, the common ocular PBPK/PD model validated on
mouse and rabbit data could enable animal-to-human translation, a critical step in
the drug development process.
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Appendix 1

Oxygen transportin blood

Oxygen in the blood is carried in plasma and in the red blood cells (RBCs) in three
forms:

+  dissolved free oxygenin plasma, O, ,

+ dissolved in the intracellular fluid in RBSs, O, ¢, and

«  reversibly bound to hemoglobin (Hb) inside of RBCs, O, ,,,.

The dissolved O, concentration Cg, [mL O,/cm®] is related to its partial pressure, P,
[mmHg] via Henry’s law:

Cor=0aPy, (1)

where a is the oxygen solubility coefficient [mL O,/mmHg/cm?].

The reaction between O, and Hb in RBCs is described by the Adair equation,* or
in simplified form by the Hill equation,? describing the O,-Hb equilibrium curve in
terms of percent oxygen saturation of hemoglobin, S, versus oxygen tension, P:

SP) = by yps 2)

where P, is the oxygen partial pressure at Hb half-saturation and the exponent n
is referred to as the Hill exponent. This is a “one-step” reaction approximation for
oxygen binding to the four heme groups of the Hb molecule and is a good approx-
imation of the Adair equation for the physiological range 20% to 97% saturation.?

The conservation equation for blood oxygen in terms of partial pressure can be
derived from the model presented by Goldman and Popel,** where the total con-
centration of free and Hb bound O, in blood (in terms of partial pressure) is given by:

P,=a,P,(1-H) +a,P,H+C,,S H (3)

where P, is the total partial pressure of O, in blood, a,,and a, are the oxygen solubil-
ities (mL O,/mmHg/m?) in plasma and in intracellular fluid of RBCs, P, and P, are the
partial pressures of dissolved oxygen in plasma and RBC fluids, H is the hematocrit
and C,, is the oxygen binding capacity of Hb.
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Oxygen transport can be determined by taking partial derivatives of Equation 3
with respecttotime, t,and a spatial direction, x. Here, these equations are presented
separately for plasma and RBCs, respectively:

da,P oa,P .
(1-H) T;[?ﬂ"'ub(l—H) _79")’71’ =Rep ~Jpir (4)
d(aP,+C,,S d(azP,+C,,S
_(_i_g?_'ﬁ_) +u, H _(_R_T’;;_HE_) —_ RR*PL (5)

where u, is the blood velocity (m/s), R, ,, is the plasma-RBC oxygen exchange rate
andj,, ;is a flux term representing oxygen exchange between plasma and tissue.

Assuming that the partial pressure of oxygen in plasma and RBC intracellular
fluid are in equilibrium (P, = P,= P,), we can combine Equations 4 and 5 to obtain a
single oxygen transport equation for blood:

(ab at +H: CHbat)+Ub (ab X +H CHbE') ~Jar (6)

where J,; is the blood-tissue oxygen flux (equivalent to j,, ;) and blood solubility, a,
,is calculated by:

a,=a,(1-H) +aH (7)

Equation 6 hastwo dependentvariables, P,and S. To obtain ahomogenous equation
for P, we expand the temporal derivative of S as a function of P,

S OP, ds oP,
(@ * H G a7 * U(@* H- Cosgt)ax = Jor (8

For further simplification of the differential equation let’s define parameter B:
B=a,+H CHBdP) 9)

The nonlinear term, dS/dP, can be calculated analytically by differentiation of
Equation 2:
ds _ P P’
& PP 1o
Substituting Equation 10 into Equation 9 we have:
n- Pn 1) . Pn
B= (ab+H.CHB ______ (11)

With the above we can rewrite Equation 8 in the final homogenous partial differen-
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tial transport equation for P, as:

oP, P
B(Gt *Usgyx) = ~Jor (12)

To express the above equation in a compartmental form we can integrate it over the
compartmental control volume, V=AAx:

2 9P,
JBGE+ sV = $ oV (13)

After integration we get:

AP, —J
v—— +ADX Uyg TR (14)

and using the definition of the blood flow rate, Q,=Au,:
P, _ e
Vi + Q,AP, =5~ (15)

The final version of the oxygen transport equation expressed in the form of an
ordinary different equation is:

dp, Jor
& =7, QPP = ()] (16)

where P, is the oxygen partial pressure entering the vascular compartment,
assumed equivalent to systemic oxygen partial pressure.
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Appendix 2

Final model equations for oxygen transport (O, only) and
metabolism by species

Human model

Blood transport
Superficial vascular plexus (SVP)

dt v n-PW”’l‘PSO" QSVP (PSVP_PO)

d‘PIiP _ 1 ‘/BT/CP
dt " Ve NP, Py, Qicp (Pice = Po)
[(@*H Ca(reB)?)) ]

dP, J
Dpep _ 1 BT‘DCP — 0 (P -p )
ﬂ VDCP . n PDCP P5a bep bep 0
[(* H Con( e Prc)?) ]

aPy, _ 1 Jorcu
dt "V,  nP,P Qe (P~ Po)
[(@*H Con(p, 7,7 ]
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Blood-tissue fluxes:
Jarsve = Kot sup A sup(AePoc, = APsyp)
Jarice = Koticr " Aptice(QPrpr = ApPicp)
Jaroce = Kotoce Avener(APop = AsPocr)

Jorcn™ Korcn Aot cial AP = ApPera)

Tissue transport:

Vitreous (VIT)

dPV/T -

~dt 0

Nerve fiber layer (NFL)

AP _ 1

A G = Vir (J wee_oct ~Jvrwe ™ Rur VNFL)

Ganglion cell layer (GCL)

.dPG_CL_ 1

J
BT,SVP
t dt _VGZ( GCLJPL_JNFLG&_RGCL VGCL__F[ )

Inner Plexiform Layer (IPL)

.ipﬂ _ 1 Jarcr

tdt "V, ( IPLJNL_JGCL,PL_RIPL. ‘//PL__TIT)

Inner nuclear layer (INL)

dPu _ 1
A g < Vo (JINLOPL e ™ R VINL)

Outer plexiform layer (OPL)

. dPO_PL _ 1 JBT,DCP

t dt _VOPL( OPL?ONL_J/NLOPL_ROPL' Vor = a,
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Outer nuclear layer (ONL)

dPoy, 1
Qg = VONL ( ONL_PL JOPL?ONL “Row” VONL)

Photoreceptor layer (PL)

& d:L A (Jer_ree ™ Jone_p. ™ Rer" Vi)

Retinal pigmented epithelium (RPE)

AP 1
A g = Vire ( c ree ™ Jp_rre ™ Reee’ VRPE)

Choroid (C)

dP _1 BTC/A
a, g = (JSC Je, . ~Re Ve~

Sclera (S)

dPS

1
A g = (JES Js,c'Rs'Vs)

Tissue-tissue fluxes:

JVIT?NFL = Ktt,VITfNFL ' Aretina('DNFL - PV/T)
JNFL?GCL = Ktt,NFLfGCL ' Aretina(PGCL - PNFL)
JGCLJPL = Ktt,/PLfGCL .Aretina(PlPL - PGCL)
JIPLJNL = Ktt,lPLJNL ' Aretina(PlNL - P/PL)
JOPL?ONL = Ktt,OPL?ONL ' Aretina('DONL - POPL)

Jone_p1= Keeone_pt” Aretina(Per = Pont)

JRPE,C = Ktt, RPE_C ' Aretina(PC - PRPE)

Jc,s = Ktt,c,s A PS_PC)

retina(

JE?SZKtt,E,S 0- P)

fe['lnCl(





