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Abstract

Purpose: The purpose of this review is to describe computational models that have
been developed for studying kidney function and how these models may be adapted
to study the eyes.
Methods: We derive equations for modeling solute and water transport across epithe-
lial cell membranes in the kidney. These equations describe mass conservation, as
well membrane transport via cotransporters, exchangers, and primary active trans-
port.
Results: We describe how computational models of renal transport have been applied
to investigate kidney function in physiological and pathophysiological conditions.
Conclusion: The computational models herein described for the kidney may be
adapted to study ocular functions and dysfunction.
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1. Introduction

Like the eyes, the kidneys are organs that are critical to our lives and well-being. Not
only do the kidneys function as filters, removing metabolic wastes and toxins from
the blood and excreting them through the urine, but they also serve other essential
regulatory functions. Through a number of regulatory mechanisms, the kidneys help
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maintain the body’s water balance, electrolyte balance, and acid-base balance. Ad-
ditionally, the kidneys produce or activate hormones that are involved in erythroge-
nesis, calcium metabolism, and the regulation of blood flow and blood pressure.

In humans the kidneys are located in the abdominal cavity, with one kidney on
each side of the spine. Each kidney is a bean-like structure that consists of two re-
gions; the outer region is the cortex, and the inner region is the medulla. The cor-
tex contains glomeruli, which are clusters of capillaries, and convoluted segments of
tubules, whereas the medulla contains almost parallel arrangement of tubules and
vessels. Despite their relatively small size (approximately 0.5% of total body weight),
the kidneys receive about 20% of cardiac output. That blood is processed by the
functional unit of the kidney, which is the nephron. Each human kidney is popu-
lated by approximately a million nephrons; each rat kidney, by approximately 40,000
nephrons. An illustration of a kidney, together with a close-up image of a nephron
and its surrounding blood vessels, can be found in Figure 1.

The nephrons maintain water, electrolyte, and acid-base homeostasis by mediat-
ing a number of epithelial transport processes. Blood enters the nephron after pass-
ing through a filter called the glomerulus. As the filtrate flows along the nephron, the
tubular epithelium secretes or reabsorbs water and solutes so that, ultimately, uri-
nary excretion matches daily intake. The kidney adapts to variations in blood volume
and composition by modulating the expression and/or activity of its epithelial trans-
porters. These changes are mediated by a variety of hormonal and neuronal signals
and involve complex signaling cascades. The heterogeneity of the different nephron
segments is crucial for this adaptive capacity. Whereas the proximal tubules reab-
sorb large amounts of water and solutes iso-osmotically, other tubular epithelia have
more specialized functions. In the distal nephron for example, principal cells regulate
the reabsorption of sodium and potassium, whereas intercalated cells act mostly to
maintain the acid-base balance. A detailed description of the specificities of each seg-
ment is beyond the scope of this review. We point the readers to Eaton and Pooler1

for a more detailed description of the kidneys. We provide here a general framework
to represent transepithelial transport at the cellular level. The concept presented for
the kidney could potentially be applied to develop a theoretical model of aqueous
humor secretion across the ciliary epithelium of the human eye. The clinical implica-
tion of such a model would be to predict the value of the intraocular pressure, whose
abnormal increase is the established risk factor for glaucoma, the second cause of
irreversible blindness worldwide.

2.Modeling solute and water transport across renal tubular
epithelia

2.1 Conservation equations

Consider a segment denoted by i, (i = PCT, S3, etc.) at steady state. For a specific
cell along the nephron, the cellular, paracellular, and luminal space are represented
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Fig. 1. Image of a close-up nephron and its place in the kidney. Labels on the kidney cross-
section show where unfiltered blood enters, filtered blood leaves, and urine exits. On the
nephron, the glomerulus, tubule, and collecting duct are labeled along with where unfiltered
blood enters, filtered blood exits, and urine exits. Image credit: National Institute of Diabetes
and Digestive and Kidney Diseases, National Institutes of Health.

by different compartments. Conservation of volume in the cellular and paracellular
compartments (denoted by C and P respectively) is given by:

J i
v,LC + J i

v,BC + J i
v,P C = 0 (1)

J i
v,LP + J i

v,BP + J i
v,CP = 0 (2)

where L and B denote the lumen and blood, respectively.
For a given non-reacting solute k (i.e., k =Na+, K+, Cl−, CO2, urea, or glucose),

conservation of mass in the paracellular and cellular space is given by:

J i
k,LC + J i

k,BC + J i
k,P C = 0 (3)

J i
k,LP + J i

k,BP + J i
k,CP = 0 (4)

respectively, where J i
k,ab denotes the transmembrane flux of solute k from compart-

ment a to compartment b. Figure 2 shows a schematic of the model compartments.



4 M. M. Stadt and A. T. Layton

For reacting solutes, conservation is imposed on the total buffers, so that in the
cellular and paracellular compartments (m=C or P ) we have:

Ĵ i
CO2,m + Ĵ i

HCO−
3 ,m

+ Ĵ i
H2CO3,m = 0 (5)

Ĵ i
A,m + Ĵ i

B,m = 0 (6)

where Ĵ i
k,m is the total flux of solute k into compartment m, so that in particular we

have: Ĵ i
k,C ≡ J i

k,LC + J i
k,BC + J i

k,P C and Ĵk,P ≡ J i
k,LP + J i

k,BP + J i
k,CP , where

(A, B) is a buffer pair (A acid, B base) which is one of (HPO2−
4 , H2PO−

4 ), (NH3, NH+
4 ),

or (HCO−
2 , H2CO2).

Additionally, conservation is imposed on the protons so that:∑
k∈SH

Ĵ i
k,m = 0 (7)

for SH = H+, NH+
4 , H2PO−

4 , H2CO3, and H2CO2.
Since ions are charged solutes, across a cell membrane there are both internal and

external conducting solutions, which gives a potential difference across the mem-
brane. It is assumed that within each compartment there is electroneutrality so that:∑

k

zkCi
k,m = 0 (8)

where zk is the valence of solute k, Ci
k,m is the concentration of solute k in compart-

ment m (m = P or C).

2.2 Membrane transport processes

2.2.1 Volume transport

For a membrane between compartments a and b, for a segment i, volume flux is de-
noted by J i

v,ab and given by the Kedem-Katchalsky equation for water transport:

J i
v,ab = Ai

abLi
p,ab

(
σi

ab∆πi
ab + ∆P i

ab

)
(9)

where Ai
ab denotes the membrane area, Li

p,ab denotes the hydraulic permeability, σi
ab

is the reflection coefficient,

∆πi
ab = RTΣk∆Ci

k,ab

where Σk∆Ci
k,ab is the osmolality difference where Ci

a,b denotes the concentration
gradient of solute k along membrane a, b, R is the ideal gas constant, T is the ther-
modynamic temperature, and ∆P i

ab is the hydrostatic pressure gradient.
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Fig. 2. Schematic diagram of epithelial cells along the nephron. Paracellular transport occurs
in the paracellular space. Transcellular transport across the cell membranes.

2.2.2 Solute transport

Unlike transmembrane volume flux (J i
v,ab) given in Equation (9), transmembrane

solute flux (J i
k,ab) depends on electrodiffusion through channels, coupled transport

through transporters, and primary active transport across ATP-driven pumps. In
general, for a solute k across membrane a, b, solute flux J i

k,ab is given by:

J i
k,ab =

(
1 − σi

k,ab

)
C̄i

k,abJ i
v,ab+J i

k,ab(electrodiffusive)+J i
k,ab(coupled)+J i

k,ab(ATP-driven)
(10)

where the first term represents convective transport, σi
k,ab is the reflection coeffi-

cient, and:

C̄i
k,ab =

Ci
k,a − Ci

k,b

ln Ci
k,a − ln Ci

k,b

(11)

is the mean membrane solute concentration where Ci
k,a and Ci

k,b denote the con-
centrations of solute k in compartment a and b of segment i, respectively.

The second term in Equation (10), J i
k,ab(electrodiffusive), denotes solute trans-

port via electrodiffusive flux. For ions, electrodiffusive flux is given by the Goldman-
Hodgkin-Katz equation:

J i
k,ab(electrodiffusive) = hi

k,abζi
k,ab

Ci
k,a − Ci

k,b exp
(

−ζi
k,ab

)
1 − exp

(
−ζi

k,ab

)
 (12)
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where hi
k,ab is the membrane permeability for solute k,

ζi
k,ab = zkF

RT
∆V i

ab

where zk is the solute valence, F is Faraday’s constant, R is the ideal gas constant, T
is the thermodynamic temperature, and ∆V i

ab denotes the electrical potential differ-
ence.

For an uncharged solute, the electrodiffusive flux is given by simple diffusion:

J i
k,ab(electrodiffusive) = hi

k,ab

(
Ci

k,a − Ci
k,b

)
(13)

since transport only depends on the concentration gradient (i.e., not on the electric
potential).

The third term in Equation (10), J i
k,ab(coupled), denotes the total coupled trans-

port of a solute k across cotransporters and exchangers. The final term in Equation
(10), J i

k,ab(ATP-driven), denotes the total transport via primary active transport (i.e.,
across ATPases). Transport via cotransporters, exchangers, and primary active trans-
port is described below.

Fig. 3. (Left) A schematic diagram of a nephron, showing its segments in different colors (not
to scale). (Right) The epithelial transport model corresponding to a proximal tubule cell. Only
major Na+ membrane transporters are shown. E.g., on the apical membrane (left), the sodium-
hydrogen exchanger is shown (second transporter from top); on the basolateral membrane
(right), the Na+/K+-ATPase pump is shown (first from top). PCT: proximal convoluted tubule;
SDL: short descending limb; mTAL: medullary thick ascending limb; cTAL: cortical thick ascend-
ing limb; DCT: distal convoluted tubule; CNT: connecting tubule; CCD: cortical collecting duct;
OMCD: outer-medullary collecting duct; IMCD: inner-medullary collecting duct
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2.3 Modelingmembrane transporters

Transport via cotransporters, exchangers, and primary active transport are modeled
based on existing kinetic models for each transporter. Here we highlight a few key
transporters and how they are modeled. More details are provided in Layton and
Edwards.2

2.3.1 Sodium-hydrogen exchanger

The Na+/H+ exchanger isoform 3 (NHE3) is located in the proximal tubule. NHE3 ex-
changes Na+ from the lumen with intracellular H+ or NH+

4 . That is, there is compet-
itive binding of intracellular H+ and NH+

4 . Indeed, NHE3 plays a major role in both
NH+

4 secretion and Na+ reabsorption in the proximal tubule. A schematic diagram of
a proximal tubule cell is shown in Figure 3. The model for NHE3 transport was origi-
nally developed by Weinstein et al.3 and is described below.

Following the same notation and approach as in in Weinstein et al.,3 let A, B, C
denote Na+, H+, and NH+

4 , respectively, with X denoting an empty NHE3 transporter.
Then let ai and ae denote the intracellular [Na+] and extracellular [Na+], respectively
and analogously for [H+] and [NH+

4 ] (i.e., using lower case b and c). Similarly, let xi, xe

denote empty transporter density on the internal and external face of the membrane,
respectively, and ax denotes the complex of Na+ with a transporter, so that we can
let:

Ka = aixi

(ax)i
= aexe

(ax)e
(14)

where Ka is an equilibrium constant for Na+. Similarly letting b denote the [H+] and
c denote [NH+

4 ] we have:

Kb = bixi

(bx)i
= bexe

(bx)e
, Kc = cixi

(cx)i
= cexe

(cx)e
(15)

where Kb and Kc are equilibrium constants for H+ and NH+
4 , respectively.

The total amount of carrier (denoted by xT) is assumed to be conserved so that:

xi + (ax)i + (bx)i + (cx)i + xe + (ax)e + (bx)e + (cx)e = xT (16)

and that the net flux is zero so that:

Ta(ax)i + Tb(bx)i + Tc(cx)i = Ta(ax)e + Tb(bx)e + Tc(cx)e, (17)

where Tk is the transport rate of solute k. Next, let:

α ≡ a

Ka
, β ≡ b

Kb
, γ ≡ c

Kc
(18)

be non-dimensionalized concentrations. Note that by Equation (14) we have that:

(ax)i = ai

Ka
xi = αixi (19)
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and in the same way (bx)i = βixi and (cx)i = γixi. Also, the same can be done for
the extracellular concentrations. Then plugging this into Equation (16) we have that:

xi
(
1 + αi + βi + γi

)
+ xe (1 + αe + βe + γe) = xT . (20)

Similarly, Equation(17) can then be rewritten as:

− xi
(
Taαi + Tbβi + Tcγi

)
+ xe (Taαe + Tbβe + Tcγe) = 0. (21)

Thus, Equation (20) and Equation (21) give a 2 × 2 system of equations to solve for xi

and xe: (
1 + αi + βi + γi 1 + αe + βe + γe

−
(
Taαi + Tbβi + Tcγi

)
Taαe + Tbβe + Tcγe

)(
xi

xe

)
=
(

xT

0

)
by using Cramer’s rule.

Let Σ denote the determinant of the matrix so that:

Σ = (1+αi +βi +γi)(Taαe +Tbβe +Tcγe)+(Taαi +Tbβi +Tcγi)(1+αe +βe +γe)
(22)

so that:

xi = xT (Taαe + Tbβe + Tcγe)/Σ (23)
xe = xT (Taαi + Tbβi + Tcγi)/Σ. (24)

The flux of Na+, H+, and NH+
4 across the NHE3 can now be computed.

Let Ja denote the outward flux of Na+ across the NHE3 so that:

Ja = Ta(ax)i − Ta(ax)e (25)

which using Equation (19) we get that:

Ja = Ta

(
αixi − αexi − αexe

)
. (26)

Then substitute Equations (23) and (24) into Equation (26) and similarly for the NH+
4

and H+ to get:

Ja = xT Ta

Σ
[
Tb

(
αiβe − αeβi

)
+ Tc

(
αiγe − αeγi

)]
(27)

Jb = xT Tb

Σ
[
Ta

(
βiαe − βeαi

)
+ Tc

(
βiγe − βeγi

)]
(28)

Jc = xT Tc

Σ
[
Ta

(
γiαe − γeαi

)
+ Tb

(
γiβe − γeβi

)]
(29)

Hence, using the internal and external concentrations of Na+, H+, and NH+
4 , translo-

cation rates, and carrier amount can be used to compute the fluxes across the NHE3
antiporter.
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Weinstein et al. fit the model parameters to experimental kinetics data since these
values, such as the translocation rate, cannot be measured directly.3. Some assump-
tions were also made, specifically the translocation rates are fixed and the binding
affinities for both internal and external are taken to be equal. The NHE3 model is a
type of model that has been extended to capture the transport of other exchangers
and transporters, including the Na+-K+-2Cl− and K+-Cl− cotransporters.2

2.3.2 Na+-K+-ATPase pump

The Na+-K+-ATPase pump is located on the basolateral side of every cell along the
nephron. Na+-K+-ATPase is an active transporter and moves 3 Na+ ions out of the
cell in exchange for 2 K+ ions moving into the cell. Note that intracellular K+ concen-
trations are high and intracellular Na+ concentrations are relatively low, while the
opposite is true in the respective extracellular concentrations. The Na+-K+-ATPase
pump plays a key role in maintaining this concentration gradient. This gradient is im-
portant for regulating cell volume as well as maintaining the resting potential. Here
we describe how the Na+-K+-ATPase pump is modeled in epithelial cell models using
the approach described in Layton and Edwards.2

The flux of Na+ and K+ across Na+-K+-ATPase can be determined by consider-
ing this transport mechanism as a binding of each of the ions to an enzyme indepen-
dently. First, assume that the binding of one Na+ ion (intracellular) to a free enzyme
(denoted by E) form a Na+-E complex (denoted by NaE) in a first-order, reversible
reaction so that:

Na+ + E
k+−−⇀↽−−
k-

NaE

so that the rate of formation of the complex NaE is given by:

dCNaE

dt
= k+CNaCE − k−CNaE (30)

where CNaE , CE , CNa denote the concentration of NaE, E, and intracellular Na+,
respectively. Let Ctotal

E = CE + CNaE so that then we can rewrite Equation (30) as:

dCNaE

dt
= k+CNaCtotal

E − (k+CNa + k−) CNaE (31)

which we can then set to steady state to get that:

CNaE = k+CNaCtotal
E

k+CNa + k−
= CNaCtotal

E

CNa + KNa
(32)

where KNa = k−/k+ is the dissociation constant for the NaE complex. This means
that the probability of having one Na+ ion bind to one Na+-K+-ATPase pump is pro-
portional to:

CNa

CNa + KNa
.
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Letting pNa denote this probability, if the binding of the Na+ to the three Na+-K+-
ATPase binding sites is assumed to be independent (i.e., no cooperativity), then the
probability of all three sites having Na+ ions bound to them is p3

Na. In the same way,
letting pK denote the probability of having an extracellular K+ ion bound to a K+

binding site, the probability of both K+ binding sites having a K+ bound to them is
p2

K where pK is proportional to:

CK

CK + KK

where CK is the concentration of external K+ and KK denotes the dissociation of the
K+ and free enzyme complex. As such, we can determine the flux of Na+ ions across
the Na+-K+-ATPase pump as:

JNaK
Na = JNaK,max

Na

[
CNa

CNa + KNa

]3 [
CK

CK + KK

]2
(33)

where JNaK,max
Na is the maximum efflux of Na+ ions at steady state, which is a pa-

rameter. Then note that for every 3 Na+ ions pumped, there are 2 K+ ions pumped
across the Na+-K+-ATPase pump so that we can compute the flux of K+ across the
Na+-K+-ATPase pump as:

JNaK
K = −(2/3)JNaK

Na . (34)

The parameters for Equation (33) and Equation (34) have been determined in previ-
ous model development for each of the nephron segments.2,4

3.Regulation and adaptation of membrane transport

3.1 Volume-regulated anion channels

Unlike plant cells, animal cells lack a rigid cell wall and most have water-permeable
membranes. As such, a transmembrane osmolality gradient would drive water move-
ment across the cell membrane, resulting in changes in cell volume. To avoid large
fluctuations in cell volume that can impair the cell’s structural integrity and func-
tion, animal cells rely on regulatory mechanisms to adjust the rate of solute transport
across cell membranes and/or cellular metabolism. Such mechanisms include the ac-
tivation of transport pathways, including channels and coupled transporters, that al-
low inorganic osmolytes to regulate water flow.5 For example, stimulation of K+ and
Cl− channels, as well as K+-Cl−, and other electroneutral cotransporters, leads to a
loss of KCl and other solutes, thereby reducing cell swelling. In contrast, activating
Na+-K+-2Cl− and/or Na+-Cl− cotransporters, Na+/H+, and Cl−/HCO−

3 exhcangers
results in a gain of NaCl and other solutes to counteract cell shrinkage.6
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To simulate cell volume regulation, the volume of the cellular and paracellular
compartments are allowed to vary:7

d

dt
VC(t) = Jv,LC(t) + Jv,BC(t) + Jv,P C(t) (35)

d

dt
VP (t) = Jv,LP (t) + Jv,BP (t) + Jv,CP (t). (36)

One mechanism by which the renal proximal tubule cells regulate volume is by adjust-
ing the membrane expression of basolateral Cl− channels. To represent this mech-
anism, we define target Cl− channel expression level, denoted by x̄Cl, taken to be
increasing functions of cell volume V . Specifically, we assume that:

x̄Cl(t) = x0
Cl

(
1 + (G − 1) ×

(
∆V (t)

µ

)2
)

. (37)

In the above expression, the superscript "0" denotes baseline values, and ∆V de-
notes the fractional deviation in cell volume, given by ∆V = V (t)/V 0 − 1. G and µ
are determined from experimental data. The rate of change in the membrane expres-
sion of Cl− channels is then given by:

d

dt
xCl(t) = 1

τ
(x̄Cl(t) − xCl(t)) (38)

where τ denotes the time constant.
Edwards and Layton incorporated cell volume regulatory mechanisms into a com-

putational model of the proximal convoluted tubule cell, and examined the model
cell’s response to a hypoosmotic challenge, in which the bath osmolality was low-
ered by 80 mosm/(kg H2O).7 In the absence of regulatory volume decrease mech-
anisms, cell volume increased by 14%, lowering the intracellular concentrations of
most solutes. In contrast, activation of volume regulatory mechanisms attenuated
cell swelling, with a steady-state volume that is 5% above baseline, one-third of the
predicted expansion without regulation. These results are in agreement with the ob-
servations of Völkl and Lang,8 who observed a 6% increase in cell volume in perfused
mouse proximal straight tubules after a 80 mosm/(kg H2O) decrease in bath solution
osmolality. Similarly, in cultured mouse proximal convoluted tubule cells, cell vol-
ume returned to 105% of its original value when the osmolality of the surrounding
solution was reduced by 100 mosm/(kg H2O).9

In the eyes, volume-regulated anion channels have been shown to modulate the
volume of trabecular meshwork cells and, in turn, the aqueous humor outflow.10,11

The balance between the secretion and the drainage of aqueous humor determines
the intraocular pressure, which is the major causal risk factor for glaucoma.

3.2 Sexual dimorphism inmembrane transporter patterns

Physiological differences between males and females are by no means limited to the
reproductive system. Sex differences in renal function and blood pressure have been
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widely described across many species.12 It is well established that young males have
a higher blood pressure and a higher prevalence of hypertension compared with
age-matched females in many mammalian and avian species. In humans13 and in
genetic models of hypertension, such as spontaneously hypertensive rats and Dahl
salt-sensitive rats,14 males develop an earlier and more severe hypertension than
females. To date, the mechanisms underlying male-female differences in blood pres-
sure control remain poorly understood. In the past few years, an explosion of data
has emerged concerning sex differences in nitric oxide (NO),15 the renin-angiotensin
aldosterone system (RAAS),16,17 inflammation,18,19 and in kidney function.20,21

Exciting findings reported by Veiras et al. have highlighted the fact that the kid-
ney of a female rat is not simply a smaller version of a male kidney.22 Rather, male
and female kidneys exhibit dimorphic patterns of transporter expression and salt
handling,22 the implications of which could be profound in terms of renal function.
Li et al. incorporated those findings into a computational model of solute and wa-
ter transport along the proximal convoluted tubule of the rat kidney and applied
the resulting sex-specific models to investigate the functional implication of sexual
dimorphism in transporter patterns along that segment.23 The models account for
the sex differences in expression levels of the apical and basolateral transporters, in
single-nephron glomerular filtration rate (GFR), and in tubular dimensions. Model
simulations indicate that the lower fractional volume reabsorption in the female
can be attributed to their smaller transport area and lower aquaporin-1 expression
level. Additionally, model results suggest that the higher sodium glucose cotrans-
porter 2 (SGLT2) expression in the female may compensate for its lower transport
area to achieve a similar hyperglycemic tolerance as male.24 Later studies extended
this model to develop sex-specific models of a full superficial nephron in the rat
kidney,25 full rat kidney,26 and human kidneys.27,28 Few studies in the literature have
thoroughly investigated the basic physiological differences in renal structure and
function, yet these studies underscore the importance of improving our understand-
ing of the basic physiological characteristics of the female kidney.

3.3 Adaptation ofmembrane transport in physiological and pathophysiological
conditions

3.3.1 Pregnancy

Pregnancy induces major changes in the kidneys to sufficiently supply the demands
of the rapidly developing fetus and placenta. Specifically, the maternal body must
support a plasma volume expansion of approximately 40–50% as well as retain
electrolytes.29,30 These changes are essential for sufficient perfusion of the fetus
and placenta in order to support a healthy pregnancy. These adaptations are rele-
vant to the kidneys because of their role in electrolyte and volume homeostasis. In
the kidneys, there are adaptations in transporter expression,30 hemodynamics,29 and
morphology.31 In particular, the GFR is increased by approximately 50%, the kidney
volume increases, which includes increased length of the proximal tubule, and many
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key transporters have altered activity and expression levels.29–31 These changes are
complex and multifactorial.

Stadt and Layton developed computational models to investigate how pregnancy-
induced changes effect Na+ and K+ reabsorption in a superficial rat nephron.32

Specifically, simulations and subsequent analysis were used to predict that mor-
phological renal adaptations as well as increased NHE3 and epithelial Na+ channel
activity were key in maintaining increased Na+ reabsorption through pregnancy. Ad-
ditionally, they found that decreased K+ secretory channels in the distal segments
along with increased distal segment transporter H+-K+-ATPase activity are essential
to prevent excess K+ loss through pregnancy.

Major physiological changes happen in nearly all tissues and organs in the ma-
ternal body.33,34 Indeed, pregnancy also affects the eyes.35,36 Some of these changes
include changes in corneal thickness and curvature as well as increases in sensation
that may cause sensitivity to contact lenses. These changes are likely due to altered
fluid homeostasis during pregnancy as well as the impacts of hormones such as es-
trogen and progesterone. Additionally, it has been shown that disorders of the eye
such as glaucoma or diabetic retinopathy can be worsened due to pregnancy-induced
changes in the eyes.35 The altered physiological state of pregnancy may benefit from
investigations through computational modeling.

3.3.2 Diabetes

Diabetes induces renal hypertrophy, hyperfiltration (with GFR elevated by 50%), and
alterations in the expression of the glucose transporters, sodium-glucose cotrans-
porters 2 and 1 (SGLT2 and SGLT1), and glucose transporters 2 and 1 (GLUT2 and
GLUT1). In addition, diabetes has been found to induce changes in the expression
of other sodium transporters along the rat nephron (i.e., the sodium-hydrogen ex-
changer NHE3, the epithelial sodium channel ENaC, and the Na+-K+-ATPase pump),
as well as that of aquaporin water channels. The quantitative changes differ signif-
icantly between studies, and very early changes (i.e., a few days after the adminis-
tration of streptozotocin) appear stronger, possibly as a response to osmotic diuresis
and some volume depletion.

In a modeling study,37 Layton et al. investigated how diabetes and SGLT2 inhi-
bition affect the reabsorption of Na+ and sodium transport-dependent oxygen con-
sumption along the nephrons. Diabetes increases the reabsorption of Na+ and glu-
cose via the sodium-glucose cotransporter SGLT2 in the early proximal tubule of the
renal cortex. Relative to the normal rat kidney, the model predicts a 50% increase in
total Na+ transport. That increase, which is comparable to in vivo data of O’Neill et
al.,38 is attributable, in large part, to the filtration rate increase.

The breakdown of the blood-retinal barrier in diabetic retinopathy is well stud-
ied. Less well studied is the effect of diabetes on the transepithelial transport across
the retinal pigment epithelium. Not only do tight junctions disassemble in the latter
stages of the disease, but subtler effects on barrier function may contribute signifi-
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cantly to the pathophysiology. Hyperglycemia can have detrimental effects on retinal
pigment epithelium by decreasing the activity of Na+-K+-ATPase, and consequently,
the electrochemical gradients that drive transcellular transport. Disruption of the
electrochemical gradients would compromise the supply of nutrients to the retina
and hinder the removal of metabolic waste. It would also disrupt the ionic milieu of
the subretinal space that is essential for neuronal function. Besides tight junction
proteins, diabetes may also alter glucose transporters and aquaporin proteins.39

4.Discussion

The nephrons are nothing short of amazing. Together, they reabsorb on average of
180 L of water every day. The most challenging aspect of their task is not the heavy
load, but the need to simultaneously achieve a number of goals: electrolyte home-
ostasis, body fluid homeostasis, acid-base balance, and excretion of toxic waste. As
such, the nephrons consist of several populations of epithelial cells, each "fitted" with
a unique set of membrane transporters and channels, to handle tubular fluid with dif-
fering composition. Luminal fluid at the beginning of the nephron has a composition
similar to blood plasma, but by the time that fluid reaches the end of the collecting
duct system, it has been transformed into urine. With this complex setup, a healthy
kidney can transport just the right amount of water and solutes to achieve the home-
ostatic targets, often under constantly varying conditions, impacted by hydration sta-
tus and food intake.

Substantial effort, both experimental and theoretical, has been invested to un-
ravel kidney function under a host of physiological and pathophysiological condi-
tions. How do mammals produce a urine that is substantially more concentrated
than urine?40–42 The kidney is among the organs with the highest metabolic demand,
given its size. Indeed, for the kidneys to function properly, GFR must be maintained
without a narrow window. How do the kidneys regulate their blood flow, and thus,
oxygen supply? The answer is that this regulation is achieved via several interact-
ing feedback mechanisms.43–45 How does kidney function differ between males and
females?25–27 How is kidney function altered under pathophysiological conditions46–48

or in pregnancy?32 As discussed in this review, computational models that simulate
solute and water transport have been built to answer these questions.

In addition to holding a key to some of the aforementioned questions regard-
ing kidney function, membrane transport also plays a key role in mediating essen-
tial eye function, including the production of aqueous humor and transmembrane
pressure balance. Indeed, computational models have been developed to address
these questions.49–51 Given the similarities between the transport processes in these
organs, cross-fertilization of the modeling effort will likely benefit both communities.
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