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Abstract

During pregnancy, major adaptations must occur in the maternal body to be able
to support the rapidly developing fetus and placenta. Adaptations occur in almost all
tissues and organs. These changes are dynamic, complex, and not fully understood. In
particular, due to the altered requirements of an expanded plasma volume and increased
electrolyte needs of the fetus and placenta, major adaptations must occur in the kidneys.
The goal for this thesis is to investigate the functional implications of the pregnancy-
induced adaptations that happen in the kidneys by developing and analyzing computational
models. In particular, we first developed pregnancy-specific epithelial transport models
of a single nephron in a mid- and late pregnant rat to quantify how individual renal
adaptations in morphology, hemodynamics, and transporter activity affect handling of
electrolytes and volume along the nephron. Our results predict which transport adaptations
are essential for a healthy pregnancy as well as predict transport adaptations that have not
been investigated experimentally. We then developed full pregnancy-specific kidney models
that includes heterogeneity in the nephron populations for a more accurate accounting of
whole kidney function during pregnancy. Additionally, we developed models for renal
function in a hypertensive female rat to analyze the effects of hypertension as well as
hypertension with pregnancy on nephron transport.

Our results suggest that increased Na+ transporter expression along the distal segments
in female rats when compared to males may better prepare females for the demands of
pregnancy. During pregnancy, it appears that significantly increased activity of distal
segment Na+ transporters with increased proximal tubule size are key in ensuring Na+

retention occurs. K+ retention is likely achieved through decreased distal segment K+

secretion as well as increased activity of the K+ pump. Together these changes allow the
maternal body to retain sufficient Na+ and K+ for fetal cell function. During hypertension,
similar relative changes in transporter activity in males and females results in similar
transport properties. Specifically, Na+ load is shifted to the distal segments requiring
altered transporter expression to avoid excess natriuresis.
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Chapter 1

Introduction

Historically, females have largely been excluded from clinical trials and basic research stud-
ies due to concerns of running clinical trials on women of childbearing age as well as a lack
of wide-spread knowledge about the impact of sex as a biological variable [24, 89]. This
has resulted in highly male-centric physiology and biomedical research results. However, in
recent years, as more emphasis on sex-specific research has increased, significant sex differ-
ences have been found in key structural and morphological differences in most physiological
systems [24,74,78,89].

A clear major difference between males and females is the ability of the female body
(during child-bearing age) to undergo pregnancy and fully develop a fetus and placenta.
Pregnancy clearly has major implications for reproductive organs, but most (if not all)
physiological systems undergo major changes during a pregnancy. Pregnancy is arguably
the ultimate non-pathological stress test that the body may ever undergo within a lifetime.
In order to support a healthy pregnancy, the maternal body must adapt in a precisely coor-
dinated and dynamic way. This is essential to support the supply of nutrients, electrolytes,
and oxygen for the fetus and placenta. When these adaptations do not occur properly,
this may lead to a complications which can have major short- and long-term health ef-
fects on both the mother and fetus [95]. In the past few decades, mathematical modeling
has been used to study and provide key insights into a broad range physiological systems
and applications in medicine [67]. Many of these models, however, have only been based
on only male or not sex-specific data. This has left as serious gap in knowledge about
female physiology. Recently, a few groups have made an effort to develop sex-specific mod-
els of physiological systems [74]. These include models of the circadian rhythms [3], the
hypothalamic-pituitary-adrenal axis [102], kidney function [30, 59–61, 83, 110], blood pres-
sure regulation [7,8,82], and liver metabolism [33]. However, much more work is yet to be
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done as discussed in Ref. [74].

With so few sex-specific models, even fewer have been built to represent what occurs
during a pregnancy [2]. This is a serious knowledge gap since the study of pregnancy
and its related pathologies has historically been limited due to the fetal risks and ethical
implications of running clinical trials on pregnant women. However, this limitation may be
overcome, in part, by using computational modeling to test hypotheses and investigate the
efficacy of potential therapies for gestational diseases in silico with the use of pregnancy-
specific models.

An organ that has particularly benefitted from study through computational modelling
is the kidney. In recent years, researchers have successfully developed models that can
provide an accurate prediction of what is happening in the kidneys [73, 75, 121]. The
kidneys are complex and have multifactorial functions to be able to not only filter out
metabolic wastes, but maintain body volume and electrolyte homeostasis, among other
important regulatory mechanisms. In recent years, it has been shown that there are sig-
nificant differences in male and female kidneys [94, 103, 112]. Subsequent computational
modeling efforts were made to investigate the functional implications of these renal sex
differences [58–60,83].

In the studies presented in this thesis, we expand on the previous work using female-
specific computational models of kidney function to investigate what happens to the kid-
neys during pregnancy. The adaptations the kidneys undergo during pregnancy are highly
complicated, with many competing factors. Thus using computational modelling can help
put together what has been found in experimental literature and unravel what the func-
tional implications of such pregnancy-induced changes are. In the following chapters we
present the first pregnancy-specific kidney models as well as the analysis we conducted. In
these studies we seek to answer the questions: How do the kidneys of a pregnant rat adapt
to support the solute and volume demands of the fetus and placenta? Which adaptations
may be the most important in maintaining the altered electrolyte and volume homeostasis
found in pregnancy? How does hypertension-induced altered renal transport effect kidney
function in a non-pregnant female versus a pregnant female? We seek to answer and de-
velop hypotheses for each of these questions using the computational models described in
the following chapters.

1.1 Outline of thesis

In Chapter 2 we discuss relevant background of kidney and pregnancy physiology. This
starts with a review of the kidney’s role in volume and electrolyte homeostasis, nephron
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function, and basic renal anatomy. Additionally, we discuss relevant changes that happen
in a maternal body during pregnancy. These are the motivating factors for the remaining
studies. In Chapter 3 we detail how nephron epithelial transport is modeled in a super-
ficial nephron via conservation equations and models of solute and volume transport in
various cell types. We then discuss how the superficial nephron model is developed into a
whole kidney model by considering heterogeneous nephron populations. The last part of
Chapter 3 is a review of sex-specific computational models of kidney function which are
the basis for this study. Chapter 4 is largely based on our published models of a superficial
nephron in a mid- and late pregnant rat (see Ref. [109]). In this study we discuss how we
made pregnancy-specific epithelial transport models of a pregnant rat superficial nephron
based on experimental literature results that have shown pregnancy-induced adaptations in
renal morphology, transporter abundance, and hemodynamics. We then used these mod-
els to quantify which adaptations have the largest impact on renal solute handling when
compared to a non-pregnant rat using sensitivity analysis. In Chapter 5 we extend the
superficial nephron model to a multiple nephron model as well as investigate the functional
implications of hypertension on kidney function in a non-pregnant and mid-pregnant rat.
Chapter 6 provides a summary of the results of this thesis as well as discuss the limitations
and directions for future work.
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Chapter 2

Physiology Background

Kidney function is highly complex, tightly regulated, and plays an important role in many
mechanisms. How the kidneys ensure that the body has the right composition of blood to
perform essential functions is a massive area of study. During pregnancy, many changes
occur that alter how most physiological systems function. In Section 2.1 we review kidney
physiology that is relevant to the studies in the following chapters. In Section 2.2 we
highlight some major adaptations that occur during pregnancy that are relevant to kidney
function. These areas of physiology are the motivating factors for the studies presented in
the following chapters.

2.1 Kidney Physiology

Kidneys are commonly known for being filters for our blood, but they play a key role
in regulating many body functions. The kidneys are located near the back side of the
abdomen with one kidney on each side of the spine [40]. Despite making up <1% of total
body weight, the kidneys are essential for regulating body homeostasis. The importance of
the kidneys can be observed especially in those with end-stage renal disease, a debilitating
condition that severely decreases quality of life with little that can be done outside of
rigorous dialysis or a kidney transplant [1].

Some of the functions of the kidneys are regulation of the excretion of metabolic waste
products, water and electrolyte homeostasis, acid-base balance, long-term blood pressure,
red blood cell production, and more [40]. Indeed, entire books can (and have, e.g., see
Ref. [40]) be written about kidneys and their functions. In this study we will focus on the
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kidney’s role in water and electrolyte homeostasis. Here I will highlight key functions and
anatomy of the kidneys that are relevant to the background of this study.

2.1.1 Volume and Electrolyte Homeostasis

Tight regulation of solute and volume homeostasis is essential for healthy body function.
Many of the body’s functions serve to ensure that the extracellular fluid osmolality is
contained within a normal range. Since many disease states can alter mechanisms that
finely balance intake and output of water and solutes, disordered body fluid make up is
one of the most common issues found in clinical medicine [114].

Water makes up about 55-65% of total body weight [114]. This total body water is
distributed between the intracellular and extracellular fluid compartments. It has been
approximated that about 2/3 of the total body water is in the intracellular fluid, while the
remaining 1/3 is in the extracellular fluid. About 1/4 of the extracellular fluid is contained
in the blood plasma. Since most of the biological membranes are permeable to water, water
largely flows across membranes into the compartment with the higher osmolality. Total
body water is dependent on a balance between intake and excretion. Intake is regulated
physiologically by the thirst mechanism while excretion is mostly done through urinary
excretion which is regulated by the kidneys [114].

The balance of Na+ and water are closely linked. Na+ is important for maintaining
normal cellular homeostasis, blood pressure, and regulating fluid and electrolyte balance
since it is the major solute in the extracellular fluid, thus driving osmolality (and hence
water flow into compartments). Na+ also plays an crucial role in excitability of muscle and
nerve cells due to the dependence on appropriate electrochemical potential gradients.

Another tightly regulated electrolyte is K+. Disorders of K+ balance, both high (hy-
perkalemia) and low (hypokalemia) [K+] in the blood plasma is a serious side effect of
many disorders [42, 43, 51, 134, 135]. The kidneys are the main mechanisms to regulate
total-body K+ balance [51, 55]. The kidney regulates body water and solute homeostasis
via complex mechanisms through the renal plasma flow through the glomerulus and then
tightly regulated transport in the nephrons (see Section 2.1.3; Fig. 2.1).

2.1.2 Anatomy

The kidneys receive over 1 L/min of blood (or about 20% of cardiac output) via the renal
arteries. This blood flows into the glomeruli (plural of glomerulus), which are tightly
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Figure 2.1: Diagram of a kidney and a close up of a nephron in the kidney. Figure used
from National Institute of Diabetes and Digestive and Kidney Diseases, National Institutes
of Health.
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interconnected clusters of capillaries. Each glomerulus is surrounded by a capsule called
Bowman’s capsule. Solutes and volume are filtered from the glomerulus into Bowman’s
capsule. The fluid filtered is called filtrate and is essentially made up of the blood plasma
without the proteins. Notably electrolytes such as Na+, K+, and Cl– are all freely filtered
meaning that their concentrations in the filtrate are essentially the same as in the blood
plasma. The filtrate goes into tiny tubules, which are called the nephrons (see Section
2.1.3). The nephrons are the functional units of the kidney. A diagram of a kidney and a
nephron is given in Fig. 2.1.

The kidneys have two major regions; the cortex (outer region) and the medulla (inner
region). These regions have different structural and functional properties. The glomeruli
are located in the cortex. In the cortex, the segments of the nephrons are generally con-
voluted. In contrast, in the medulla, the tubules and vessels are tightly lined up and are
in almost parallel arrangements. Each kidney also has a ureter which delivers urine to the
bladder to be excreted. The ureter and the attached tubules are topologically outside of
the body so that what is not reabsorbed from the tubules is excreted as waste in urine.

2.1.3 Nephrons

The functional unit of the kidney is the nephron. In a healthy human kidney, it is esti-
mated that there are around 1 million nephrons. Rats are estimated to have about 36,000
nephrons. Starting at the Bowman’s capsule (capsule around the glomerulus), nephrons
are made up of a single layer of epithelial cells which vary depending on cell type. Differ-
ent segments have different cell types that are specialized in fine-tuning the filtrate so that
what is remaining at the end of the nephron is waste that is delivered to the bladder to
be excreted in urine. Along the nephrons, solutes and volume are secreted and reabsorbed
in a specialized way largely depending on the active and passive transporters in each cell,
permeability, and the electrochemical gradient driven by the various cations and anions
(see Section 2.1.4 for details about epithelial transporters). These processes are regulated
by a combination of hormonal, neural, and intrarenal signals to ensure the body fluid is
maintained at the correct balance [40]. A schematic diagram of a nephron is given in
Fig. 2.2.

Nephron segments

As discussed above, the nephrons regulate its luminal fluid concentrations and flows through
transport processes. This happens via reabsorption (removing solutes or volume) and se-
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cretion (adding solutes) via various transport mechanisms along the nephron. These mech-
anisms can be via passive or active transport so that the contents of volume and solute
in the fluid in the final urine is significantly different from the initial filtrate from the
glomerulus. The segments of the nephron listed from the start to the end are: the proxi-
mal convoluted tubule, the proximal straight tubule, the descending thin limb of Henle’s
loop (or in short, the descending limb), the ascending thin limb of Henle’s loop, the thick
ascending limb of Henle’s loop (a.k.a., thick ascending limb), the distal convoluted tubule,
the connecting tubule, the cortical collecting duct, and the outer- and inner-medullary
collecting ducts. A schematic diagram of a nephron and different cell types is in Fig. 2.2.

The first segment of the nephron is the proximal convoluted tubule. This segment is
the longest nephron segment, is located in the cortex, and is convoluted. It is followed
by the proximal straight tubule (also known as the S3 segment) which descends towards
the medulla. The proximal convoluted tubule and proximal straight tubule will together
be referred to as the “proximal tubule”. The proximal tubule is where most reabsorption
of volume and each of the freely filtered solutes occurs. Approximately 2/3 of the filtered
load of Na+, K+, and fluid is reabsorbed in the proximal tubule.

The next segment is the descending thin limb of Henle’s loop. We will refer to this as
the descending limb. This segment is in the medulla and then loops into what is then called
the thin and thick ascending limb of Henle’s loop. In short these segments are referred to
as the the thin and thick ascending limbs. These segments are notably different, especially
in water permeability. In the descending limb, the membrane is permeable to water, thus is
a place of major water reabsorption. The increased water reabsorption causes the luminal
fluid to be more concentrated. This transport is largely passive. In contrast, the opposite
happens in the ascending limb. The ascending limb is mostly impermeable to water. The
thick ascending limb has major transporters such as the Na+-K+-2Cl– symporter which
drives Na+, K+, and Cl– reabsorption. In total the ascending limb reabsorbs about 25%
of the filtered Na+. In summary, the descending limb reabsorbs water, but not electrolytes
and the ascending limb absorbs electrolytes, but not water.

At the end of the ascending limb is the macula densa. The cells of the macula densa
sense the luminal fluid content and generate signals that regulate renal function. After
the macula densa is the distal convoluted tubule and then the connecting tubules. Due to
the low amount of fluid left in the tubule relative to the initial filtrate, these segments do
much of the fine-tuning to determine what will be excreted from the body.

The distal convoluted tubule is entirely within the cortex. The distal convoluted tubule
is often considered in two parts. In the first part, the Na+-Cl– cotransporter regulates the
Na+ and Cl– reabsorption, but in the last approximately 1/3 of the distal convoluted
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Figure 2.2: Schematic diagram of the nephron cells. The diagram displays main Na+,
K+, and Cl– transporters as well as aquaporin water channels. Alpha and Beta indicate
α and β intercalated cell types. The nephron figure shows a superficial nephron and
juxamedullary nephron (includes LAL and LDL). The shorter nephron (left side) is the
superficial nephron and longer is a representative juxtamedullary nephron. PCT, proximal
convoluted tubule; S3, proximal straight tubule; LDL, thin descending limb; LAL, thin
ascending limb; mTAL, medullary thick ascending limb; cTAL, cortical thick ascending
limb; DCT, distal convoluted tubule; CNT, connecting tubule; CCD, cortical collecting
duct; OMCD, outer medullary collecting duct; IMCD, inner medullary collecting duct.
Cells and nephron diagram adapted from Ref. [80].
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tubule, the epithelial Na+ channel regulates much of the Na+ reabsorption in this segment
[133].

The connecting tubule has multiple cell types: the principal and α− and β−intercalated
cells1. The principal cells make up the majority (about 60%) of the cell types along this
segment and largely mediate Na+ and water reabsorption as well as K+ secretion [69]. The
α-intercalated cells are known to express the H+-ATPase transporter which secretes H+

into the lumen, while the β intercalated cells secrete HCO –
3 via a Cl– -HCO –

3 exchanger
known as Pendrin (See Fig. 2.2) [69,116]. Functionally, this means that the principal cells
play a key role in fine-tuning the water volume, Na+, K+, and Cl– concentrations of the
filtrate while the intercalated cells play a key role in acid-base balance.

The connecting tubules coalesce with other nephrons to then come together in the
collecting ducts. The collecting ducts are often considered in three parts depending on
their regions: the cortical, outer-medullary, and inner-medullary collecting ducts. Along
the collecting duct, the filtrate is close to urine and final fine-tuning occurs. In a similar
way to the connecting tubule, the cortical, and outer-medullary regions of the collecting
duct have intercalated cells (see Fig. 2.2).

Superficial and juxtamedullary nephrons

There are different nephron types in the kidneys. Specifically, these are called the superficial
and juxtamedullary nephrons. The superficial nephrons make up about 66% of the total
nephron population in rats. The glomeruli of superficial nephrons are at the top of the
cortex and the loops of Henle only reach the outer medulla. The other type of nephrons
are the juxtamedullary nephrons. The glomeruli of the juxtamedullary nephrons are lower
in the cortex and have loops of Henle that reach into the inner medulla at various depths.
When considering a full kidney, both nephron types should be considered (see Chapter 3).
A diagram showing the differences between the superficial and juxtamedullary nephrons is
given in Fig. 2.2.

2.1.4 Transporters

Along the nephrons, transport occurs via either the transcellular or paracellular route.
The heterogeneity in the different segments along the nephron is due to the transporters
located on the cells and the permeability of the paracellular space. A schematic diagram of

1α− and β−intercalated cells are also often called Type A and Type B intercalated cells, respectively
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Figure 2.3: Schematic diagram of arbitrary epithelial cells along the nephron. Paracellular
transport occurs in the paracellular space. Transcellular transport occurs in the cell mem-
branes.

the paracellular space and cellular membranes is given in Fig. 2.3. A schematic diagram of
the different cell types along the nephron with the various transporters and permeabilities
is given in Fig. 2.2.

Paracellular and transcellular transport

Paracellular transport occurs through the space between the epithelial cells called tight
junctions. In the tight junctions there are proteins called claudins and occuludins that
determine the permeability of the paracellular barrier in the various segments along the
nephron. Paracellular transport occurs via net diffusion which depends on the concentra-
tion gradient of a particular solute as well as (for ions, i.e., charged molecules) the electrical
potential difference. In other words, the solutes move down its electrochemical potential
gradient.

Transcellular transport is a two-part process. First, the solute or water crosses the api-
cal membrane of the cell (the cellular membrane that faces the lumen). Then, the solute
or water leaves the cell through the basolateral membrane (membrane facing away from
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the lumen). Various transporters and channels expressed on the cell mediate this trans-
port. Transport can be passive, meaning it does not require energy, or active, meaning
it requires energy. Transport that requires energy is generally moving a solute against its
electrochemical potential gradient while passive transport moves a solute with its electro-
chemical potential gradient.

Channels and transporters

Channels are small proteins with a “hole” through the center that allows for water or spe-
cific solutes to diffuse through them based on their structure. Common channels along the
nephron are the K+ channels, Na+ channels, and water channels (often called aquaporins).
Transport through channels is passive and is driven by the electrochemical gradient.

Transporters bind solutes and move them across a membrane. There are many types
of transporters along the nephron, but we will highlight a few here. Cotransporters (also
known as symporters) move multiple solutes across a membrane together. Another type
of transporter is an exchanger (also known as an antiporter) which move solutes in the
opposite directions across a membrane. For example, the Na+-K+-2Cl– cotransporter
located in the thick ascending limb of the nephron is an important cotransporter that
moves one Na+ ion, one K+ ion, and 2 Cl– ions out of the lumen into the cell. A key
exchanger is the Na+-H+ exchanger which moved Na+ out of the lumen into the cell in
exchange with a H+ going out of the cell into the lumen.

Primary active transporters require energy to move solutes up their electrochemical po-
tential gradient. These transporters generally use energy from the hydrolysis of adenosine
triphosphate (ATP) so that these transporters are known as ATPases. For example, the
Na+-K+ pump known as the Na+-K+-ATPase is located on the basolateral side of every
cell type along the nephron (and is located in most cells in the body). Na+-K+-ATPases
pump three Na+ ions out of the cell and two K+ ions into the cell. This transport works
against the Na+ and K+ electrochemical gradients and allows for the cell to maintain high
intracellular [K+] and low intracellular [Na+]. Since volume largely “follows” the Na+

gradient, the low intracellular [Na+] also plays an integral role in maintaining cell volume.

In summary, the nephrons are highly specialized and regulated through various seg-
ments that play different parts to ultimately determine (when healthy) the amount of
secretion and reabsorption of specific solutes in each segment so that what is excreted
through urine is waste to ensure proper balance. This is is a complex process which
computational modelling can serve to unravel to provide insights into renal function (see
Chapter 3).
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Figure 2.4: Approximate estrogen and progesterone levels during human pregnancy in the
three trimesters. Note that post-partum period is not to scales as hormone levels reach
pre-pregnancy levels at approximately five days post-partuirition. Figure used from Vink
et al. [115].

2.2 Motivation: Pregnancy-induced adaptations

The maternal body undergoes vast changes to almost all organs and tissues during preg-
nancy [95]. These changes are dynamic, multi-factorial, and are often competing, which
makes studying pregnancy physiology especially complicated. In the following sections
we highlight key maternal adaptations that are relevant to this study. Specifically, we
highlight maternal adaptations that effect the kidneys or that the kidneys play a role in
maintaining.

2.2.1 Hormonal changes

During pregnancy, a placenta is formed which supports and protects the rapidly developing
fetus. Additionally, the placenta mediates many maternal physiological functions by secret-
ing hormones and growth factors into the maternal body [28,95]. These hormones include
prolactin, steroids, and neuroactive hormones. In particular, during pregnancy, plasma
levels of estrogen and progesterone are at the highest levels found in a healthy woman.
Specifically, during pregnancy, estradiol levels increase to about 50-fold non-pregnant lev-
els and serum progesterone levels rise from about 1-20 ng/mL during non-pregnancy, but
to about 100-200 ng/mL by the end of pregnancy [72]. Approximate estrogen and proges-
terone levels in the three trimesters and post-parturition are shown in Fig. 2.4.

The renin-angiotensin-aldosterone system (RAAS) is a regulatory hormone system that
is significantly altered during pregnancy. The RAAS is a hormonal cascade that ulti-
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Figure 2.5: Time course of plasma volume (PV) during pregnancy and blood pressure (BP)
given as a percent change from the non-pregnant value. Figure used from West et al. [129].

mately leads to production of the substrate angiotensinogen along with several enzymes
and products [16,39,101]. Angiotensin II is the bioactive product generated by this cascade
and is a key regulator in several mechanisms that affect blood pressure and Na+ excre-
tion [16, 39, 101]. During pregnancy, all components of the RAAS are significantly upreg-
ulated [87,129]. This RAAS activation is likely the primary effector of the plasma volume
expansion and Na+ retention (see Sections 2.2.2 and 2.2.3) found in pregnancy [129]. The
upregulated RAAS has implications on various functions in the maternal body, including
kidney function.

Other regulatory systems are majorly altered during pregnancy. These changes all have
effects on the function of various organs and tissues in the maternal body. We chose to
highlight the RAAS as well as progesterone and estrogen because these are all known to
effect renal function, which is the overall focus of this study. However, we note that many
other hormone systems within the body are altered during pregnancy [95].

2.2.2 Plasma volume expansion

In order to sufficiently perfuse the placenta and fetus, a significant plasma volume expansion
is required for a healthy pregnancy for both mother and fetus in most mammals, including
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Figure 2.6: Na+ intake and urine excretion during the different stages of pregnancy. Net
Na+ retention is indicated. Figure created using data from West et al. [125].

rats and humans [23,31,35,84,129]. See Fig. 2.5 for approximate continual plasma volume
expansion in a rat. It is likely that the activated RAAS (see Section 2.2.1) is the primary
effector of the pregnancy-induced plasma volume expansion and Na+ retention (see Section
2.2.3) [129]. Remarkably, blood pressure typically decreases during pregnancy, despite this
large volume change [31, 129]. This is due to the multitude of changes that happen in the
maternal cardiovascular system. The importance of the plasma volume expansion can be
shown in that pregnancy disorders, such as gestational hypertension and preeclampsia, as
well as fetal growth restriction are all strongly associated with a failure to expand plasma
volume [23,26,50,104,129].

2.2.3 Electrolyte retention

In a non-pregnant rat, almost all Na+ intake is excreted through urine. In contrast, begin-
ning from early pregnancy, net Na+ retention occurs [9,14,32,53,84,125,127]. Specifically,
this means that while during pregnancy both Na+ intake and urinary Na+ excretion in-
crease, the increase in urinary Na+ excretion does not match the increase in intake, hence
the maternal body retains Na+. This is illustrated in Fig. 2.6. Since the kidneys regulate
Na+ homeostasis in the body, major adaptations must occur (see Section 2.2.4). This Na+
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Figure 2.7: K+ intake, excretion (fecal and urine), and retention for NP, MP, and LP rats.
Kin denotes K+ intake and Kout is the sum of urinary K+ excretion and fecal K+ excretion.
Figure created using data from Churchill et al. [32].

retention is a crucial driver of the plasma volume expansion described previously because
Na+ and volume homeostasis are tightly related.

Another key electrolyte is K+. Starting from late-pregnancy, net K+ retention occurs.
In a non-pregnant rat, over a day, 90% of all K+ intake is excreted through urine, while the
remaining 10% is excreted through feces. This again is not the case in late pregnancy as
there is a significant K+ retention [32,131]. Pregnancy-induced adaptations in the kidneys
are the major drivers of this K+ retention (see Section 2.2.4). Fig. 2.7 shows data that
supports K+ retention.

Much of this retained Na+ and K+ can be found in the feto-placental unit [9, 32, 131].
It is likely that Na+ and K+ are retained significantly because Na+ and K+ are essential
electrolytes for cell function within the body, hence the fetus needs sufficient Na+ and K+

for proper cell function.

16



2.2.4 Renal adaptations

To regulate the electrolyte and volume retention required in pregnancy (see Sections 2.2.2
and 2.2.3), the kidneys undergo major adaptations in morphology [15,53,62], hemodynam-
ics [19–21], and nephron transport [4, 19,31,35,53,63,66,68,99,125–128,130–132].

One of the first gestational renal adaptations observed is the major increase in the
glomerular filtration rate (GFR). GFR has been found to increase by about 40-50% in
humans during pregnancy [23, 34] and about 30% in rats [19–21]. This phenomenon is
remarkable as there are no other non-pathological states that sustain such a high increase
in GFR for a significant amount of time. Even an early prominent renal physiologist, Dr.
Homer Smith, remarked, “To a renal physiologist, a pregnant woman is a very interesting
phenomenon. I do not know any other way to increase the filtration rate by 50% or better
for prolonged periods.” [108]. That marked increase in filtration must be matched by
appropriate changes in nephron transport. Otherwise, the excessive water and electrolyte
loss will likely prove fatal.

Further studies found that the kidney increases in volume during pregnancy [15,49,53,
62]. In particular, the proximal tubule lengthens [15, 49]. When taken in isolation, this
should increase renal transport capacity.

Along the nephron segments, the activity of several key transporters have been found to
change during pregnancy; such adaptations are complex and sometimes counterintuitive,
when considered in isolation [35]. For example, Mahaney et al. [63] found that the activity
of major Na+ transporter, Na+-K+-ATPase is downregulated during pregnancy despite
the large increase in Na+ reabsorption. Other Na+ transporters are also downregulated
[68,128], while others are upregulated [47,125,126,130]. Upregulation of key water channels
has also been found during mid-pregnancy (MP) and late-pregnancy (LP), likely facilitating
increased water reabsorption [66, 99]. Renal adaptations are different during MP and LP.
Specifically, during LP, net K+ retention occurs in addition to Na+ retention, which starts
from early pregnancy (as discussed above). West et al. [131] found significant changes
in K+ transporters in the distal nephron segments during LP. Na+ and K+ transporter
adaptations during pregnancy in the rat is discussed in a recent review by de Souza and
West [35]. Details about pregnancy-induced renal adaptations and how they are studied
using computational modeling are discussed in Chapters 4 and 5.
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Chapter 3

Mathematical modeling of nephron
epithelial transport

The computational models used in the following studies presented in this thesis are based
on existing epithelial cell-based models of the nephrons [58–60, 75, 80]. In this chapter,
I will describe the superficial nephron model in Section 3.1 which was later expanded
into what is referred to as a multiple nephron model, meaning it captures heterogeneity
within the nephron populations, and is described in Section 3.2. These equations are the
baseline model equations used in each of the epithelial transport models used in the studies
presented in the following chapters. How these models were developed into pregnancy-
specific models or to model hypertension is discussed in Chapters 4 and 5.

3.1 Superficial nephron model

The cell-based epithelial transport models of a superficial nephron represent functionally
distinct segments as follows: proximal convoluted tubule (PCT), proximal straight tubule
(a.k.a. the S3 segment), short descending limb (SDL), thick ascending limb divided into
the medullary and cortical parts (mTAL and cTAL, respectively), distal convoluted tubule
(DCT), connecting tubule (CNT), and the collecting duct divided into the cortical and
medullary segments: the cortical (CCD), outer-medullary (OMCD), and inner-medullary
(IMCD) collecting ducts (see Fig. 2.2). These segments are listed in the order in which they
appear in the nephron starting from Bowman’s capsule. With the exception of the proximal
tubule, each nephron segment is represented as a rigid tubule lined by a layer of epithelial
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Figure 3.1: Schematic diagram of fluid flow in the nephron with paracellular and transcel-
lular fluxes (Jparacellular and Jtrancellular, respectively).

cells, with apical and basolateral transporters that vary according to cell type. Each of the
nephron segments have distinct transporters, permeabilities, and morphological properties.
The model accounts for the following 15 solutes: Na+, K+, Cl– , HCO –

3 , CO2, NH3, NH
+

4 ,
HPO 2–

4 , H2PO
–

4 , H+, HCO –
2 , H2CO2, urea, and glucose. The model is made up of a

large system of differential algebraic equations, formulated at steady state, and predicts
luminal fluid flow, hydrostatic pressure, luminal fluid solute concentrations, cytosolic solute
concentrations, membrane potential, and transcellular and paracellular fluxes.

3.1.1 Conservation equations

Conservation of volume

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 represent by different
compartments. Conservation of volume in the cellular and paracellular compartments is
given by

J i
v,LC + J i

v,BC + J i
v,PC = 0 (3.1)

J i
v,LP + J i

v,BP + J i
v,CP = 0 (3.2)
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where J i
v,ab denotes the transmembrane flux of volume from compartment a to compartment

b where a and b are given as L, B, P or C which denote the lumen, blood, cellular, and
paracellular compartments, respectively. In the lumen, for non-coalescing segments (i.e.,
not the CNT and IMCD, explained below), conservation of volume is given by

dQi

dx
= 2πriĴ i

v,L (3.3)

where Qi denotes the volume flow, ri is the luminal radius, and Ĵ i
v,L ≡ J i

v,LC + J i
v,LP is the

total volume flux. The luminal fluid flow is given by pressure-driven Poiseuille flow

dP i

dx
= − 8µQi

π(ri)4
(3.4)

where P i is the hydrostatic pressure and µ is the luminal fluid viscosity.

Flow-dependent tubular transport

All segments except the proximal tubule are non-compliant (i.e., the radius ri is a constant).
In the proximal tubule, the flow-dependent transport for a compliant tubule is used. These
questions were originally developed by Weinstein et al. [123] and are briefly described here.

The compliant luminal radius in the proximal tubule (rPT) is given by

rPT = r0PT
(
1 + µPT

(
PPT − P 0

PT

))
(3.5)

where r0PT is the reference radius, P 0
PT is the reference pressure, and µPT characterizes

tubular compliance. In the proximal tubule, luminal fluid flow modulates transporter
density via mechanosensory function from torque of the epithelial microvilli [37], so then
the microvillous torque is given by

τPT =
8µQPTlPT,mv

r2PT

(
1 +

lPT,mv + δPT,mv

rPT
+

l2PT,mv

2r2PT

)
(3.6)

where lPT,mv = 2.5 µm is the microvillous length and δPT,mv = 0.15µm denotes the height
above the microvillous tip where drag is considered. The values for these parameters are
used from Refs. [80,123]. Using this we compute

Storq = 1 + s

(
τPT
τ 0PT

− 1

)
(3.7)
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where τ 0PT is computed by evaluating (3.6) when QPT is the initial volume flow at the start
of the PT and rPT is the initial PT radius, s = 1.3 is a scaling factor in the proximal
convoluted tubule and s = 0.65 in the S3 segment in each of the models. The density of
the apical and basolateral transporters in the proximal tubules is then scaled by Storq to
capture the torque-modulated effects [37,123].

Coalescing segments

In the late segments of the nephron, specifically the CNT and IMCD coalesce with other
nephrons. To capture this in the model, water and solute flows are scaled by the tubule
population where ωi (for i = CNT or IMCD) denotes the fraction of the tubule remaining
at a given spatial location where

d

dx

(
ωiQi

)
= 2πriĴ i

v,L (3.8)

denotes the conservation of volume in the lumen.

The fraction of connecting tubules ωCNT remaining at the coordinate xCNT (determined
as the distance from the start of the connecting tubule) is given by

ωCNT(xCNT) = 2−2.32xCNT/LCNT

(3.9)

where LCNT is the connecting tubule length. The collecting ducts also coalesce in the inner
medulla so that the fraction of collecting ducts at distance from the start, denoted by
xIMCD is given by

ωIMCD
(
xIMCD

)
= 0.1

(
1− 0.95

(
xIMCD

LIMCD

)2
)
exp

(
−2.75

xIMCD

LIMCD

)
(3.10)

where LIMCD is the length of the inner-medullary collecting duct. Equations (3.9) and
(3.10) are derived in Layton et al. [81].

Conservation of non-reacting solutes

For a given non-reacting solute k (i.e., k =Na+, K+, Cl– , CO2, urea, or glucose), conser-
vation of mass in the paracellular and cellular space is given by

J i
k,LC + J i

k,BC + J i
k,PC = 0 (3.11)

J i
k,LP + J i

k,BP + J i
k,CP = 0 (3.12)
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respectively, where J i
k,ab denotes the transmembrane flux of solute k from compartment a

to compartment b.

In the lumen, conservation is given by

d

dx

(
QiCi

k,L

)
= 2πriĴ i

k,L (3.13)

for non-coalescing segments and

d

dx

(
ωiQiCi

k,L

)
= Ĵ i

k,L (3.14)

for coalescing segments (i.e., the CNT and IMCD), where Ĵ i
k,L ≡ J i

k,LC + J i
k,LP denotes

that total flux of solute k, ωi is as defined in (3.9) and (3.10) for the CNT and IMCD,
respectively, and Ck,L is the luminal concentration of solute k.

Conservation of reacting solutes

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 (3.15)

Ĵ i
A,m + Ĵ i

B,m = 0 (3.16)

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,PC and Ĵk,P ≡ J i
k,LP +J i

k,BP +J i
k,CP , (A,B) is a buffer pair where

A denotes acid and B denotes base. The pairs represented in this model are (HPO 2–
4 ,

H2PO
–

4 ), (NH3, NH
+

4 ) or (HCO –
2 , H2CO2). In the lumen, for reacting solutes, we have

that

d

dx

(
QiCi

CO2,L
+QiCi

HCO3,L
+QiCi

H2CO3,L

)
= Ĵ i

CO2,L
+ Ĵ i

HCO3,L
+ Ĵ i

H2CO3,L
(3.17)

d

dx

(
QiCi

A,L +QiCi
B,L

)
= Ĵ i

A,L + Ĵ i
B,L (3.18)

with the same notation as above. Additionally, conservation is imposed on the protons so
that ∑

k

Ĵ i
k,m = 0 (3.19)

for k =H+, NH +
4 , H2PO

–
4 , H2CO3, and H2CO2.
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Conservation of charge

Since ions are charged solutes, across a cell membrane there are both internal and external
conducting solutions therefore giving a potential difference across the membrane. It is
assumed that within each compartment there is electroneutrality so that∑

k

zkCk,m = 0 (3.20)

where zk is the valence of solute k and Ck,m is the concentration of solute k in compartment
m (m = P or C). Also it is assumed that there is no net current into the lumen so that∑

k

zkF
(
JCL
k + JPL

k

)
= 0. (3.21)

where F denotes Faraday’s constant, L is the lumen, and JCL
k and JPL

k denote the flux of
solute k from the cellular and paracellular space to the lumen, respectively.

3.1.2 Membrane transport

Volume transport

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

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

J i
v,ab = Ai

abL
i
p,ab

(
σi
ab∆πi

ab +∆P i
ab

)
(3.22)

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 thermodynamic
temperature, and ∆P i

ab is the hydrostatic pressure gradient.

Solute transport

Unlike transmembrane volume flux (J i
v,ab; see Eq. (3.22)), transmembrane solute flux (Jk,ab)

depends on electrodiffusion through channels, coupled transport through transporters, and
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primary active transport across ATP-driven pumps (as discussed in Chapter 2). 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)
(3.23)

where the first term represents convective transport, σi
k,ab is the reflection coefficient, and

C̄i
k,ab =

Ci
k,a − Ci

k,b

lnCi
k,a − lnCi

k,b

(3.24)

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

k,b denote the concentrations
of solute k in compartment a and b of segment i, respectively.

The second term in (3.23), J i
k,ab(electrodiffusive), denotes solute transport via electrod-

iffusive flux. This is transport through channels. For ions, electrodiffusive flux is given by
the Goldman-Hodgkin-Katz equation

J i
k,ab(electrodiffusive) = hi

k,abζ
i
k,ab

(
Ci

k,a − Ci
k,b exp

(
−ζ ik,ab

)
1− exp

(
−ζ ik,ab

) )
(3.25)

where hi
k,ab is the membrane permeability for solute k,

ζ ik,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 difference.

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

)
(3.26)

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

The third term in (3.23), J i
k,ab(coupled), denotes the total coupled transport of a solute k

across cotransporters and exchangers. The final term in (3.23), 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 transport is described below.
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Transporters

Transport via cotransporters, exchangers, and primary active transport are modeled based
either on existing kinetic models for each transporter. Here we highlight a few key trans-
porters and how they are modeled.

Cotransporters and Exchangers. Exchangers are transporters that transport two or more
solutes in the opposite directions across a membrane. One example is the Na+/H+ ex-
changer isoform 3 (NHE3), which is located along the apical membrane of the proximal
tubule and the thick ascending limb. NHE3 exchanges Na+ from the lumen with intra-
cellular H+ or NH +

4 . That is there is competitive 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. The model for NHE3 transport was developed by Weinstein et al. [117].
The model derivation is described below.

Following the same notation as in in Weinstein et al. [117], let A, B, C denote Na+, H+,
and NH +

4 , respectively, with X denoting an empty 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 is of the complex
of Na+ with a transporter, so that

Ka =
aixi

(ax)i
=

aexe

(ax)e
(3.27)

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
(3.28)

where Kb and Kc are equilibrium constants. Next, assume that the total amount of carrier
is conserved (denoted by xT) we get

xi + (ax)i + (bx)i + (cx)i + xe + (ax)e + (bx)e + (cx)e = xT (3.29)

and that there is zero net flux meaning

Ta(ax)
i + Tb(bx)

i + Tc(cx)
i = Ta(ax)

e + Tb(bx)
e + Tc(cx)

e, (3.30)

where Tk is the transport rate of solute k. Let

α ≡ a

Ka

, β ≡ b

Kb

, γ ≡ c

Kc

(3.31)

25



be non-dimensionalized concentrations. Note that by (3.27) we have that

(ax)i =
aixi

Ka

=
ai

Ka

xi = αixi (3.32)

and in the same way (bx)i = βixi and (cx)i = γixi. Then plugging this into (3.29) we have
that

xi
(
1 + αi + βi + γi

)
+ xe (1 + αe + βe + γe) = xT . (3.33)

In the same way, (3.30) can be written as

− xi
(
Taα

i + Tbβ
i + Tcγ

i
)
+ xe (Taα

e + Tbβ
e + Tcγ

e) = 0. (3.34)

Thus (3.33) and (3.34) give a 2× 2 system of equations to solve for xi and xe:(
1 + αi + βi + γi 1 + αe + βe + γe

− (Taα
i + Tbβ

i + Tcγ
i) Taα

e + Tbβ
e + Tcγ

e

)(
xi

xe

)
=

(
xT

0

)
.

Let Σ denote the determinant of the matrix so that

Σ = (1+αi + βi + γi)(Taα
e +Tbβ

e +Tcγ
e)+ (Taα

i +Tbβ
i +Tcγ

i)(1+αe + βe + γe) (3.35)

and then by using Cramer’s rule we have that

xi = xT (Taα
e + Tbβ

e + Tcγ
e)/Σ (3.36)

xe = xT (Taα
i + Tbβ

i + Tcγ
i)/Σ. (3.37)

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 (3.38)

which using (3.32) we get that

Ja = Ta

(
αixi − αexi − αexe

)
. (3.39)

Then substitute (3.36) and (3.37) into (3.39) to get

Ja = Ta

(
αixi − αexe

)
= Ta

[
αi (xT (Taα

e + Tbβ
e + Tcγ

e)/Σ)− αe
(
xT (Taα

i + Tbβ
i + Tcγ

i)/Σ
)]

=
xTTa

Σ

[
αi (Taα

e + Tbβ
e + Tcγ

e)− αe
(
Taα

i + Tbβ
i + Tcγ

i
)]

=
xTTa

Σ

[
αi (Tbβ

e + Tcγ
e)− αe

(
Tbβ

i + Tcγ
i
)]

=
xTTa

Σ

[
Tb

(
αiβe − αeβi

)
+ Tc

(
αiγe − αeγi

)]
.
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In the same way we get that the net outward flux of H+ and NH +
4 are given by

Jb =
xTTb

Σ

[
Ta

(
βiαe − βeαi

)
+ Tc

(
βiγe − βeγi

)]
(3.40)

Jc =
xTTc

Σ

[
Ta

(
γiαe − γeαi

)
+ Tb

(
γiβe − γeβi

)]
(3.41)

respectively. Hence, using the internal and external concentrations of Na+, H+, and NH +
4 ,

translocation rates, and carrier amount can be used to compute the fluxes across the NHE3
antiporter can be computed. Weinstein et al. [117] fit the model parameters to experimental
kinetics data since these values such as the translocation rate cannot be measured directly.
Some assumptions were also made, specifically the translocation rates are fixed and both
the internal and external binding affinities 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 [75].

Non-equilibrium Thermodynamic Formalism. The non-equilibrium thermodynamic formal-
ism is used to determine fluxes for transporters where no kinetic model has been developed,
largely due to the transporter not being fully characterized experimentally [44,75,124]. We-
instein [124] first developed this approach for modeling renal epithelial transport. We use
the same notation as in Layton & Edwards [75] in our description below.

First, recall that diffusive flux is driven by the electrochemical potential gradient. If we
consider a compartment i for some solute k the electrochemical potential can be given by

µi
k = µ0

k +RT lnCi
k + zkFΨi (3.42)

where µ0
S denotes the chemical potential of the pure solute in a reference state, Ci

k is the
concentration of solute k in compartment i, R is the ideal gas constant, T is the thermody-
namic temperature, and Ψi is the electric potential in compartment i. Considering another
compartment j we can compute the electrical potential gradient by

∆µk = µi
k − µj

k. (3.43)

Solute is transported down its electrochemical potential gradient so that solute k is trans-
ported from compartment i into compartment j if when ∆µk < 0, i.e., µj

k > µi
k. Note that

we can write (3.43) as

∆µk = µi
k − µj

k

= (µ0
k +RT lnCi

k + zkFΨi)− (µ0
k +RT lnCj

k + zkFΨj)

= RT (lnCi
k − lnCj

k) + zkF (Ψi −Ψj)

= RT∆ lnCk + zkF∆Ψ
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by letting ∆ lnCk = lnCi
k − lnCj

k and ∆Ψ = Ψi −Ψj.

To determine the non-equilibrium thermodynamic formalism now consider a solute S.
The flux of solute S has a diffusive component which can be written as

Jdiff
S =

∑
k=1,n

LSk∆µk (3.44)

for n, the number of solutes, where

∆µk = RT∆ lnCk + zkF∆Ψ (3.45)

is the electrochemical potential difference of solute k across the membrane (as described
above), LSk is a parameter that represents that flux of solute S with the driving force
exerted on species k. Note that LSk = 0 when S and k do not interact. Also note that
LSS is related to the membrane permeability of the solute so that

LSS =
RTPS

C̄S

(3.46)

where

C̄S =
CS,a − CS,b

lnCS,a − lnCS,b

is the mean membrane concentration over the membrane a, b.

The practical use of the non-equilibrium thermodynamic formalism can be shown with
the following example. The NaPi2 cotransporter in the proximal tubule has a 2:1 stoi-
chiometry where there are 2 Na+ ions cotransported with one HPO 2–

4 ion. Then as in the
example in Layton & Edwards [75], we have that(

JNaPi2
Na

JNaPi2
HPO4

)
= LNaPi2

(
+4 +2
+2 +1

)(
∆µNa

∆µHPO4

)
(3.47)

so that then the fluxes across the NaPi2 cotransporter are computed by

JNaPi2
Na = LNa−HPO4 (4∆µNa + 2∆µHPO4) (3.48)

JNaPi2
HPO4 = LNa−HPO4 (2∆µNa +∆µHPO4) . (3.49)

Notably, we can see that the equations given by the non-equilibrium thermodynamic for-
malism only require one parameter, LSk, the coupling coefficient. This is helpful in pa-
rameterizing the models, but we note that the limitation of this type of formalism is that
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transporter expression and activity as well as translocation rates are not specified here.
However, since at this time there are not data for a lot of these transporters, this formal-
ism still has been very useful in being used in epithelial cell models to still capture solute
transport along the nephron.

Primary Active Transporters. The Na+-K+-ATPase pump is located on the basolateral side
of every cell along the nephron (see Fig. 2.2). Na+-K+-ATPase is an active transporter
and moves 3 Na+ ions out of the cell in exchange for 2 K+ ions into the cell. Note that
intracellular K+ concentrations are high and intracellular Na+ concentration are relatively
low. The opposite is true in the extracellular Na+ and K+ concentrations. The Na+-K+-
ATPase pump plays a key role in maintaining this concentration gradient. This gradient
is important for regulating cell volume (since volume follows Na+) as well as maintaining
resting potential. Here we describe how the Na+-K+-ATPase pump is modeled in epithelial
cell models using the approach described in Layton & Edwards [75].

The flux of Na+ and K+ across Na+-K+-ATPase can be considered as a binding of each
of the ions to an enzyme independently. 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 (3.50)

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

E = CE + CNaE so that then we can rewrite (3.50) as

dCNaE

dt
= k+CNa

(
Ctotal

E − CNaE

)
− kiCNaE (3.51)

= k+CNaC
total
E − (k+CNa + k−)CNaE (3.52)

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

0 = k+CNaC
total
E − (k+CNa + k−)CNaE

⇐⇒ CNaE =
k+CNaC

total
E

k+CNa + k−
=

CNaC
total
E

CNa +
k−
k+
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and then letting KNa = k−/k+ be the dissociation constant for the NaE complex we get
that

CNaE =
Ctotal

E CNa

CNa +KNa

. (3.53)

This means that the probability of having one Na+ ion bind to one Na+-K+-ATPase pump
is proportional to

CNa

CNa +KNa

.

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 p3Na. 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 p2K 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
(3.54)

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

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

JNaK
K = −(2/3)JNaK

Na . (3.55)

The parameters for (3.54) and (3.55) have been determined in previous model development
for each of the nephron segments [75, 80].

3.2 Multiple nephron model

While the superficial nephrons make up a large proportion of the kidney nephrons (about
2/3 in rats), there is another type of nephron called the juxtamedullary nephrons. The
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juxtamedullary and superficial nephrons have several key differences. A major difference
is that the juxtamedullary nephrons have loops of Henle that reach differing depths into
the inner medulla. In contrast, the loops of superficial nephrons turn before reaching the
inner medulla. Hence, in order to represent a full kidney model we should also consider
the effects of the juxtamedullary nephrons.

3.2.1 Juxtamedullary nephrons

In the same way as the superficial nephrons, the juxtamedullary nephrons are modeled as
a tubule lined by a layer of epithelial cells in which the apical and basolateral transporters
vary depending on the cell type (i.e., segment, which part of the segment, intercalated and
principal cells) (see Fig. 2.2). In the models, five juxtamedullary types are represented
that reach into differing depths of the medulla. Specifically, we denote these nephrons
JM-1, JM-2, JM-3, JM-4, and JM-5 where JM stands for juxtamedullary and the number
corresponds to the differing depths of 1, 2, 3, 4, and 5 mm into the medulla. Let SF denote
superficial. In the same way as in Ref. [60, 80], it is assumed that the ratios of the six
nephron classes are nSF = 2/3, nJM−1 = 0.4/3, nJM−2 = 0.3/3, nJM−3 = 0.15/3, nJM−4 =
0.1/3, and nJM−5 = 0.05/3. Note that the shorter juxtamedullary nephrons are the most
common which turn in the upper portion of the inner medulla. These assumptions are
used from Ref. [80] which are based on anatomical findings in Refs. [64, 71].

The juxtamedullary nephron models include the same segments as the superficial nephron
(see Section 3.1): PCT, S3 segment, SDL, mTAL, cTAL, DCT, CNT, CCD, OMCD, and
IMCD. In addition to these segments, there are longer descending limbs (LDL) and as-
cending thin limbs (LAL) for the juxtamedullary nephrons. The length of the LDL and
LAL segments depends on the juxtamedullary nephron type and are the inner-medullary
segments of the loops of Henle as illustrated in Fig. 2.2. The other major difference
between juxtamedullary and superficial nephrons is the difference in SNGFR. It has been
shown that the SNGFR for juxtamedullary nephrons is higher than the superficial nephron
SNGFR [64,71,80]. We assume that the juxtamedullary SNGFR is about 40% higher than
the superficial SNGFR in the NP model as done in Ref. [60] and reported in experimental
studies in Refs. [54, 56, 64]. This results in a higher initial load to the juxtamedullary
nephrons.

All segments in the juxtamedullary nephrons are effectively the same as the superficial
nephrons except the length of the cortical thick ascending limb and the connecting tubule.
Since the glomeruli of the juxtamedullary nephrons are lower down in the cortex than the
superficial nephrons, these segments do not have to be as long for the nephron to pass the
glomerulus at the macula densa. Hence, these segments are modeled to be shorter.
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The connecting tubules of the five juxtamedullary nephrons and the superficial nephron
coalesce into the cortical collecting duct. To model this, we compute the flows from the six
nephrons at the start of the collecting duct. The remaining model is the collecting duct
which does not have distinct nephron segments.

3.3 Sex-specific kidney models

As with most computational models of non-reproductive organs, the original nephron mod-
els were developed to represent kidney function in males. In recent years, experimental
results have demonstrated many sex differences in kidney function [94, 103, 112]. Using
these results sex-specific computational models of a rat proximal tubule [83], rat superfi-
cial nephron [59], rat multiple nephron (whole kidney) [60], and human kidney [61, 110]
were developed to investigate the functional implications of sexual dimorphisms. Figure 3.2
illustrates some of the differences that have been found in transporter abundance along
the nephron in female versus male rats.

Li et al. [83] developed and analyzed the first sex-specific computational epithelial
transport model for the proximal convoluted tubule of the rat. Veiras et al. [112] observed
experimentally that females seem to have lower fractional volume reabsorption in the prox-
imal tubule. The modeling analysis of Li et al. [83] predicted that this difference may be
attributed to the lower aquaporin (water channels) expression levels and smaller transport
area due to a significantly smaller proximal tubule size in females when compared to males.

Hu et al. [59] further built on the sex-specific proximal tubule models (Ref. [83]) to rep-
resent sexual dimorphisms in morphology and transporter function along a full superficial
nephron (i.e., including all segments up through the collecting ducts). Their simulations
were used to analyze the functional implications of sex differences in hemodynamics, size,
and renal transporters in male and female rats. Renal transporter differences used are
highlighted in Fig. 3.2. Their analysis revealed that the higher transporter activity in the
distal segments yield similar urinary excretion rates between males and females despite
smaller transport area and fractional reabsorption in the proximal tubules of females.

Next, Hu et al. [60] developed a sex-specific multiple nephron model based on their su-
perficial nephron model (Ref. [59]) to investigate sexual dimorphisms in how Na+ transport
inhibitors alter urinary solute excretion. This study was largely motivated by the sexual
dimorphisms observed in blood pressure regulation, which the kidney plays a large role in
via regulation of Na+ reabsorption. Several pharmocological inhibitors regulate key Na+

transporters so investigating the differing effects of inhibition may reveal insights into how
such drugs may affect males versus females.
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Figure 3.2: Relative differences in renal transporter abundance between males and females
in a rat nephron. NHE3, Na+/H+ exchanger isoform 3; NaPi2, Na+-Pi cotransporter 2;
NKA α1, Na+-K+-ATPase α1 catalytic subunit; AQP, aquaporin water channel subunit;
NKCC2, Na+-K+-Cl– cotransporter; pS71 and -pT53, phosphorylation sites associated
with activation; NCC, Na+-Cl– cotransporter; ENaC, epithelial Na+ channel; fl, full-length
form; cl, cleaved forms; ROMK, renal outer medullary K+ channel. Figure used from Hu
et al. [59].

Later the sex-specific epithelial transport model was further developed to represent
sex-specific kidney function in humans [61]. This model was used to simulated the effect
of angiotensin converting enzyme (ACE) inhibitors, a common antihypertensive drug, in
the male versus female kidney. This study was motivated by the observation that ACE
inhibitors tend to be less effective in women than men. Model simulations suggested that
higher distal transport capacity in women lead to a blunted natriuretic and diuretic effect of
ACE inhibition. Additionally, Hu et al. [61] noted that during pregnancy, the glomerular
filtration rate is known to massively increase. The authors also noted that it has been
shown that in females, NHE3 expression is higher in female rats compared to male rats,
but NHE3 activity is lower in female rats than male rats. This leads to a reserve capacity
for Na+ transport via the NHE3 transporter in female rats [112]. It has been hypothesized
that this apparent reserved NHE3 may be activated during pregnancy. Hu et al. [61]
conducted “what-if” simulations to see the effect of activated NHE3 reserve capacity with
upregulated GFR in female rats to test some implications of a few potential pregnancy-
induced changes (though not comprehensive of pregnancy adaptations). Swapnasrita et
al. [110] further developed the sex-specific human models (Ref. [61]) to investigate sexual
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dimorphisms in kidney function in male and female patients with diabetes. This was used
to test the functional implications of the effects of sodium-glucose cotransporter 2 inhibitors
which are a commonly used type of diabetes medication.

These studies have revealed key insights into the differences between male and female
kidney function, however a question may be asked as to why these differences occur?
During pregnancy, the maternal body must have the ability to adapt significantly to be
able to carry a healthy pregnancy to term. Major changes in electrolyte and volume
handling have been shown to occur. Perhaps, sexual dimorphisms in the kidneys were
evolved to support the female body’s ability to undergo the major changes required to
support a successful pregnancy. With this in mind, as well as noting the major changes
that have been shown to occur during pregnancy (see Section 2.2.4), we investigate kidney
function during pregnancy by extending the female-specific models built in Refs. [59,60,83]
to capture pregnancy-specific kidney function.
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Chapter 4

Adaptive changes in single-nephron
GFR, tubular morphology, and
transport in a pregnant rat
superficial nephron: Modeling and
analysis

Abstract

Normal pregnancy is characterized by massive increases in plasma volume
and electrolyte retention. Given that the kidneys regulate homeostasis of elec-
trolytes and volume, the organ undergoes major adaptations in morphology,
hemodynamics, and transport to achieve the volume and electrolyte retention
required in pregnancy. These adaptations are complex, sometimes counterin-
tuitive, and not fully understood. In addition, the demands of the developing
fetus and placenta change throughout the pregnancy. In particular, during
late pregnancy, K+ retention and thus enhanced renal K+ reabsorption is re-
quired despite many kaliuretic factors. The goal of this study is to unravel
how known adaptive changes along the nephrons contribute to the ability of
the kidney to meet volume and electrolyte requirements in mid- and late preg-
nancy. We developed computational models of solute and water transport in
the superficial nephron of the kidney of a rat in mid- and late pregnancy.
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The mid-pregnant and late-pregnant models predict that morphological adap-
tations and increased activity of the sodium hydrogen exchanger 3 (NHE3) and
epithelial sodium channel (ENaC) are essential for enhanced Na+ reabsorption
observed during pregnancy. Model simulations showed that for K+ retention
in late pregnancy, the increased activity of H+-K+-ATPase and decreased K+

secretion along the distal segments are required. Model results also suggest
that certain known sex differences in renal transporter pattern (e.g., the higher
NHE3 protein abundance but lower activity in the proximal tubules of the vir-
gin female rat compared to male) may serve to better prepare the female for
the increased transport demand in pregnancy.

4.1 Introduction

During pregnancy, the female body must undergo major adaptations to support the solute
and volume demands of a developing fetus and placenta. A large plasma volume expan-
sion is required for a healthy pregnancy for both the mother and fetus [31, 35, 84, 129].
Remarkably, blood pressure typically decreases during pregnancy despite the large volume
change [129]. Pregnancy disorders, such as gestational hypertension and preeclampsia,
as well as fetal growth restriction are associated with a failure to expand plasma vol-
ume [21,23,26,34,50,104,129].

In a virgin or nonpregnant (NP) rat, almost all Na+ intake is excreted through urine.
In contrast, net Na+ retention begins from early pregnancy [9, 23, 32, 53, 125, 132]. Na+

retention largely drives the plasma volume expansion. Similarly, in a NP rat, about 90%
of K+ intake is excreted through urine, whereas the remaining 10% is excreted through
feces [90]. However, during late pregnancy, there is net K+ retention [23, 32, 53, 131, 132].
The majority of retained electrolytes are taken up by the fetoplacental unit [9, 32,131].

The kidneys regulate volume and solute homeostasis [39]. Hence, to support the elec-
trolyte and volume retention required in pregnancy, the kidneys undergo major adap-
tations in morphology [15, 53, 62], hemodynamics [9, 21, 23, 34, 53, 84, 132], and nephron
transport [4,19,31,35,53,63,66,68,99,125–128,130,131]. One of the first gestational renal
adaptations observed is the large increase in the glomerular filtration rate (GFR). GFR
increases by 40-50% during human pregnancy [20,23,34] and about 30% in rats [20,23,34].
This phenomenon is remarkable as there are no other nonpathological states that sustain
such a high increase in GFR. That marked increase in filtration must be matched by ap-
propriate changes in nephron transport. Otherwise, the excessive water and electrolyte
loss will likely prove fatal.

36



Further studies found that the kidney increases in size during pregnancy [15,34,49,53].
In particular, the proximal tubule lengthens [15, 49]. When taken in isolation, this should
increase renal transport capacity. Along the nephron, the activity of several key trans-
porters has been found to change during pregnancy; such adaptations are complex and
sometimes counterintuitive when considered in isolation [35]. For example, Mahaney et
al. [63] found that the activity of the major Na+ transporter, Na+-K+-ATPase is downreg-
ulated during pregnancy despite the large increase in Na+ reabsorption. Other Na+ trans-
porters are also downregulated [68,128], whereas others are upregulated [47,125,126,130].
Upregulation of key water channels has also been found during mid-pregnancy (MP) and
late pregnancy (LP), likely facilitating increased water reabsorption [66, 99]. Renal adap-
tations are different during MP and LP. Specifically, during LP, net K+ retention occurs
in addition to Na+ retention, which starts from early pregnancy. West et al. [131] found
significant changes in K+ transport in distal nephron segments during LP. Na+ and K+

transporter adaptations during pregnancy in the rat have been discussed in a recent review
by de Souza and West [35].

In recent years, substantial progress has been made in identifying gestational renal
adaptations [23,35,129]. However, studies have generally focused on one segment or a few
transporters (understandably due the difficulty and cost of conducting these complicated
experiments). Therefore, how these complex adaptations come together to support the
altered solute and volume demands during pregnancy is not fully understood. A com-
prehensive understanding of gestational kidney function is important for understanding
how the female body undergoes massive adaptations required to sustain the growing fetus
and placenta. Furthermore, altered renal function from normal pregnancy values has been
found in gestational diseases such as preeclampsia [57], gestational hypertension [4], and
gestational diabetes [65]. Hence, understanding normal renal function during pregnancy is
a step toward ultimately understanding not only female physiology, but these complicated
gestational diseases as well.

Computational models have been used to investigate the complex processes involved in
renal function [58, 73, 74, 76, 77, 79, 80, 119–121]. Recently, sex-specific epithelial transport
models have been built for a rat proximal tubule [83], rat superficial nephron [59], rat kidney
[60], and human kidney [61] based on experimental results that found sexual dimorphisms
in morphology and transporter activities described in Refs. [94, 103, 113]. Li et al. [83]
developed and analyzed the first sex-specific computational epithelial transport model for
the proximal convoluted tubule (PCT) of a rat kidney. Specifically, model simulations in
their study predicted that the lower fractional volume reabsorption in the female proximal
tubule may be attributed to lower aquaporin (AQP) expression levels and the smaller
transport area due to the significantly smaller proximal tubule size in females compared
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with males. Later, Hu et al. [59] extended the model to a full superficial nephron model
in the rat kidney for both males and females. Their simulations were used to analyze the
functional implications of sex differences in hemodynamics, size, and renal transporters
in male and female rats from experimental results described in Refs. [94, 103, 113]. The
pregnancy-specific superficial nephron models presented here are based on Hu et al. [59]
by incorporating pregnancy adaptations reported in the literature to represent superficial
nephron function in MP and LP.

The main goal of this study was to assess the extent to which individual pregnancy
adaptations, in morphology or transporter activities, contribute to the observed differences
in electrolyte and volume reabsorption during pregnancy. Specifically, we identified which
renal adaptations may have the largest impact on Na+, K+, and volume reabsorption using
model simulations and sensitivity analysis. Furthermore, transporter activities in pregnant
rats have not been fully characterized. We sought to predict additional renal adaptations
that may occur during pregnancy. Separate analyses are conducted for MP and LP due
to different renal adaptations in these stages that support evolving fetal and placental
demands.

4.2 Methods

Hu et al. [59] developed an epithelial cell-based model of the superficial nephron of a female
rat kidney (as discussed in Chapter 3). This model was used as a control in this study
and is referred to as the NP model. In this study, we extended the NP model to simulate
solute and volume transport along a superficial nephron of 1) a MP and 2) LP rat kidney.
Note that rat gestation is approximately 21-22 days [49,129]. The MP rat model represents
nephron transport at about 19-20 days of gestation (i.e., near the end of rat gestation).
As previously noted, we build separate models for MP and LP because there are distinct
adaptations during the different stages of pregnancy due to the growing demands of the
developing fetus and placenta. Because the original model equations in the study by Hu
et al. [59] were based on mass conservation that is similarly valid in pregnancy, those same
equations were used here, but appropriate parameter values were changed to account for
renal adaptations during MP and LP. These parameter changes are shown in Table 4.1
and are discussed in Section 4.2.1.

The model was implemented in Python 3 and can be accessed via GitHub.

In the following section we describe how the models were made to be pregnancy specific.
Model equations are given in Section 3.1 of Chapter 3 so we do not repeat them here.
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4.2.1 Pregnancy-specific models

Using the NP cell-based superficial nephron epithelial transport model developed in the
study by Hu et al. [59] (described in Chapter 3), we created pregnancy-specific models (i.e.,
MP and LP) by increasing or decreasing relevant NP model parameter values based on
experimental findings in the literature. The specific MP-to-NP and LP-to-NP parameter
value ratios are listed in Table 4.1, a schematic diagram is given in Fig. 4.1, and the changes
are discussed below.

The first major change in the MP and LP models is the increase in the single nephron
glomerular filtration rate (SNGFR). The MP and LP SNGFR are increased by 30% and
20%, respectively, from the NP SNGFR value. These increases were based on findings in
Baylis [20] where euvolemic pregnant rats were studied. We note that a previous study
had shown the LP rat SNGFR was significantly higher than the MP rat SNGFR [53];
however, an important note is that study was done in hypervolemic rats, thus likely giving
a differing result [20, 21]. As such, we chose to model the euvolemic rat based on the
Baylis [20] result. Specifically, MP and LP SNGFR values are 31.0 and 28.8 nL/min, vs.
24 nL/min in NP [19,29,53]. The elevated SNGFR significantly increases the filtered load
at the beginning of the nephron in both the MP and LP models. Additionally, during
pregnancy, plasma osmolality is decreased, with slightly reduced plasma [Na+] and [Cl– ],
but with slightly elevated plasma [K+] in LP [38, 53, 125, 131]. These changes are small
compared to the SNGFR increases, still resulting in substantially increased filtered loads.

Morphological adapatations

During pregnancy, kidney volume increases [49, 62]. In particular, it has been shown that
the proximal tubule (the first segment of the nephron) lengthens [15,49]. Accordingly, we
increased the proximal tubule length by 14% and 17% in the MP and LP models, respec-
tively. Based on the increased kidney volume and the observed dilation in the collecting
system during pregnancy [98], we assumed that the diameter in the proximal tubule in-
creased by 7% in the proximal tubule and 5% in the distal tubule in both the pregnant rat
models. (Note that we collectively refer to the loops of Henle and distal tubular segments,
which include the collecting duct, as the “distal tubule”.) Although tubular diameter
has not been measured experimentally, without assuming this small tubular dilation, the
much-elevated volume flow in pregnancy would cause an excessive drop in tubular fluid
pressure.
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Figure 4.1: Schematic diagram of the superficial nephron cells with pregnancy adaptations
indicated. The diagram displays main Na+, K+, and Cl– transporters as well as aquaporin
water channels. MP adapatations from NP are indicated by pink arrows. LP adaptations
from NP are indicated by green arrows. Upward orientation indicates increase, downward
indicates decrease. No arrow indicates that the transporter is not changed in the respective
model. Details are given in Table 4.1. PCT, proximal convoluted tubule; S3, proximal
straight tubule; mTAL, medullary thick ascending limb; cTAL, cortical thick ascending
limb; CNT, connnecting tubule; CCD, cortical collecting duct; OMCD, outer medullary
collecting duct; IMCD, inner medullary collecting duct. Cell and nephron diagram adapted
from Ref. [76]. Rat figure was illustrated by Karolina Suszek.
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Na+ transporters

There have been a multitude of changes found in the activity and expression of Na+

transporters, as recently reviewed by de Souza and West [35]. Here we explain how we
implemented experimental results to determine MP and LP model parameter values for
Na+ transporters.

Mahaney et al. [63] found that pregnancy-induced changes in Na+-K+-ATPase activity
and expression are region-specific: in the cortex, Na+-K+-ATPase activity is decreased in
both MP and LP while in the medulla Na+-K+-ATPase activity is increased in MP, but
is unchanged in LP relative to NP controls. Khraibi et al. [68] investigated the Na-Pi co-
transporter 2 (NaPi2), which is located in the proximal tubule. The authors found that the
protein expression of NaPi2 decreased during both MP and LP [68]. The relevant parameter
value for NaPi2 ws slightly decreased in MP and LP based on this study (Table 4.1). Na+-
K+-2Cl– cotransporter 2 (NKCC2) activity was increased significantly in LP and slightly
in MP based on West et al. [126].

During pregnancy, aldosterone levels are elevated [129], which regulates the fine tuning
of Na+ handling in the distal segments of the nephron [25]. In a series of studies, West et al.
reported that (i) epithelial Na+ channel (ENaC) activity is increased significantly (about
double) during both MP and LP [125], (ii) the chloride-bicarbonate exchanger, Pendrin,
protein abundance is increased [130], and (iii) Na+-Cl– cotransporter (NCC) activity is not
changed during MP and slightly decreased during LP [128] relative to NP. These findings
were implemented in the pregnancy models accordingly (Table 4.1).

Na+/H+ exchanger (NHE) activity has not been well characterized during pregnancy.
During pregnancy, cortical mRNA expression of NHE isoform 3 (NHE3) was found to be
increased during pregnancy [4]. However, NHE3 protein abundance was found to be slightly
decreased or unchanged in MP and lP rats when compared to NP [35, 68, 125]. We note
that protein abundance is not necessarily a good indicator of NHE3 activity. Specifically, it
has been found that in female rats (i.e., NP), there is a higher protein expression of NHE3,
but lower NHE3 activity in the proximal tubule when compared to male rats. Hence, there
is reserve NHE3 in female rats that may be activated during pregnancy [59, 60, 112]. We
assumed that NHE3 reserve is activated in pregnancy by increasing the NHE3 activity in
the MP and LP models (Table 4.1). This is a model assumption which allows the model to
avoid excess natriuresis and diuresis in pregnancy (see Section 4.4). Without this change,
model predictions led to urinary excretion that was too high for sufficient Na+ reabsorption
in both the MP and LP models.
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K+ transporters

Unlike Na+ retention, which starts from early pregnancy, K+ retention is not observed until
LP [131]. Indeed, K+-specific renal transporter changes have largely only been studied dur-
ing LP to date [35,131]. West et al. [131] found that the renal outer medullary K+ channnel
(ROMK) and the large-conductance K+ channel (BK) are significantly downregulated in
the LP rat. This downregulation decreases K+ secretion along the distal segments. The
ROMK is located in the DCT2 (second part of the distal convoluted tubule) and the CNT
where major K+ secretion occurs. BK is located in the intercalated cells of the cortical
collecting duct. Both channel types regulate K+ secretions along these segments and are
significantly downregulated during late-pregnancy [131]. This result is represented in the
LP model by lowering the K+ apical permeability in the appropriate segments (Table 4.1).

In addition, West et al. [131] found that H+-K+-ATPase type 2 activity in the con-
necting tubule (CNT) and collecting duct is substantially increased in the LP rat. Salhi
et al. [105] reported an increase in H+-K+-ATPase activity in LP mice as well. Elevated
progesterone levels during pregnancy activate H+-K+-ATPase [105]. Based on these ex-
perimental results, we significantly increased H+-K+-ATPase activity in the CNT and CD
of the LP model (Table 4.1). Similar changes were made in the MP model to avoid exces-
sive kaliuresis (Table 4.1, discussed in Section 4.3). We note that Abreu et al. [4] showed
that mRNA expression of ROMK2 is significantly downregulated during MP, but no study
has characterized H+-K+-ATPase activity and BK channels during MP. To avoid excessive
kaliuresis and natriuresis in the MP and LP models, we also hypothesized that the K+-Cl–

cotransporter in the ascending limb and distal convoluted tubule (DCT) is also upregulated
during pregnancy (Table 4.1; discussed in Section 4.3).

Water channels

Collecting duct water channel, aquaporin 2 (AQP2) expression, is significantly increased
during MP and LP [4, 66, 99]. It has also been hypothesized that aquaporin 1 (AQP1)
in the descending limb is upregulated during LP, but largely unchanged during MP [66].
Water permeability in the appropriate segments was adjusted to reflect increased AQP1
and AQP2 based on these findings (Table 4.1).
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Table 4.1: MP-to-NP and LP-to-NP ratios of parameter values used in the MP and
LP models respectively. NP parameter values were used from [59] and changed by
the respective ratio for the MP and LP models. Parameter values for the MP and
LP models were chosen based on experimental literature and are discussed in the
Materials and Methods section. PCT, proximal convoluted tubule; S3, proximal
straight tubule; SDL, short descending limb; DCT, distal convoluted tubule; CNT,
connecting tubule; CCD, cortical collecting duct; OMCD, outer medullary collecting
duct; IMCD inner medullary collecting duct. Distal segments refer to all segments
other than the PT and S3 segments (i.e., after the proximal tubule). Ratios are
from the respective MP or LP model to the NP model parameter value. Pf : water
permeability; PK : K+ permeability; NHE3: Na+/H+ exchanger isoform 3; ENaC:
epithelial Na+ channel; NKCC2: Na+-K+-2Cl– cotransporter isoform 2; NaPi2: Na+-
H2PO

–
4 cotransporter; NCC: Na+-Cl– cotransporter; NHE-1: Na+/H+ exchanger

isoform 1; KCC: K+-Cl– cotransporter

Parameter Ratio
MP-to-NP LP-to-NP

PCT
Na+-K+-ATPase activity 0.73 0.65
NHE3 activity 1.3 1.18
NaPi2 0.9 0.85
K+-Cl− cotransporter 1.35 1.3
S3
Na+-K+-ATPase activity 0.725 0.65
NHE3 activity 1.3 1.18
NaPi2 0.9 0.85
K+-Cl− cotransporter 1.35 1.3
SDL
Pf (transcellular) 1.1 1.5
mTAL
NKCC2 activity 1.15 1.5
Na+/H+ exchanger activity 1.3 1.18
KCC activity 1.4 1.35
Na+-K+-ATPase activity 1.15 1.0
cTAL
NKCC2 activity 1.15 1.5
Na+/H+ exchanger activity 1.3 1.18
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Table 4.1: MP-to-NP and LP-to-NP ratios of parameter values used in the MP and
LP models respectively.

Parameter Ratio
MP-to-NP LP-to-NP

KCC activity 1.4 1.35
Na+-K+-ATPase activity 0.725 0.65
DCT
PK (apical side, DCT2 only, ROMK) 0.5 0.45
Na+-K+-ATPase activity 0.75 0.74
NHE2 activity 1.3 1.18
KCC activity 1.4 1.3
NCC activity 1.0 0.9
ENaC activity 1.85 2.15
CNT
PK (apical side, ROMK) 0.5 0.45
Na+-K+-ATPase activity 0.75 0.75
H+-ATPase activity 1.0 1.0
H+-K+-ATPase activity 2.5 2.75
Pendrin activity 1.65 1.7
ENaC activity 1.85 2.15
CCD
Pf (transcellular, AQP2) 1.4 1.4
PK (apical, BK) 0.75 0.7
Na+-K+-ATPase activity 0.75 0.7
H+-ATPase activity 1.0 1.0
H+-K+-ATPase activity 2.5 2.25
Pendrin activity 1.65 1.7
ENaC activity 1.85 2.15
OMCD
Pf (transcellular, AQP2) 1.4 1.4
PK (apical, BK) 0.75 0.7
Na+-K+-ATPase activity 1.13 1.0
H+-ATPase activity 1.0 1.0
H+-K+-ATPase activity 2.5 2.75
ENaC activity 1.85 2.15
NHE-1 activity 0.9 0.9
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Table 4.1: MP-to-NP and LP-to-NP ratios of parameter values used in the MP and
LP models respectively.

Parameter Ratio
MP-to-NP LP-to-NP

Na+-Cl− cotransporter 1.15 1.05
IMCD
Pf (trancellular, AQP2) 1.8 1.8
NKCC1 1.0 1.0
Na+-K+-ATPase activity 1.13 1.0
H+-K+-ATPase activity 2.5 2.75
K+-Cl− cotransporter 1.4 1.3
Na+-Cl− cotransporter 1.15 1.05
Morphology
PCT, S3
Length 1.14 1.17
Diameter 1.07 1.07
Distal segments
Length 1.0 1.0
Diameter 1.05 1.05
Hemodynamics
SNGFR 1.30 1.20
Plasma concentration
Plasma Na+ concentrations 0.95 0.95
Plasma K+ concentrations 1.0 1.15
Plasma Cl− concentrations 0.95 0.95

4.3 Results

4.3.1 Baseline results: electrolyte and fluid handling during preg-
nancy

Model simulations were conducted for the NP, MP, and LP models to determine how
pregnancy-induced changes in renal hemodynamics, morphology, and transporter activity
together modify tubular transport in the superficial nephrons of the rat kidney. Delivery of
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key solutes and volume to each segment is shown in Fig. 4.2 and Fig. 4.3 with transport for
each segment and accumulated along the nephron shown in Figs. 4.4 and 4.5, respectively.

In the NP model, 58% of the filtered Na+ is reabsorbed along the proximal tubule, pri-
marily via the coordinated transport of the apical NHE3 and basolateral Na+-K+-ATPase.
In MP and LP, because of pregnancy-induced hyperfiltation and enhanced tubular trans-
port capacity, net Na+ reabsorption along the proximal tubule increased by 27% and 18%,
respectively (Fig. 4.4A). Interestingly, those net increases in reabsorption correspond to
only minor increases in fractional reabsoprtion, to about 60% in both the MP and LP
models (Fig. 4.2A; Fig. 4.3A), due to increased filtered Na+ load. (Recall that SNGFR
increases in MP and LP by 30% and 20%, respectively, or to 31 and 28.8 nL/min, vs.
24 nL/min in NP.) The relative stability of the fractional reabsorption is reminiscent of
the glomerulotubular balance observed in the proximal tubules. The marked increase in
net Na+ proximal tubule transport in pregnancy can be attributed to tubular hypertrophy
and elevated NHE3 activity in the proximal tubule, despite reduction in Na+-K+-ATPase
activity (Table 4.1).

Most of the remaining Na+ is reabsorbed downstream along the thick ascending limbs
(Fig. 4.4A). Compared to the NP model, Na+ transport along the thick ascending limb
is predicted to be about 18% and 8% higher in the MP and LP models, respectively
(Fig. 4.4A). This enhanced transport is facilitated by increased NKCC2 and NHE activity.
Downstream of the thick ascending limb, (i.e., segments after the macula densa or the
distal segments), Na+ reabsorption is predicted to be about the same in each of the NP,
MP, and LP models (Fig. 4.4A). Urine Na+ excretions are 32, 34, and 35 pmol/min for
the NP, MP, and LP models, respectively. Urinary Na+ excretion is the highest in LP, at
10% above the NP model (Fig. 4.2A). The predicted natriuresis is consistent with reported
ranges [14, 32,125].

Like Na+, about 55% of the filtered Cl– is reabsorbed along the proximal tubule in
the NP, MP, and LP models with most of the remaining Cl– reabsorbed along the thick
ascending limbs (Fig. 4.4C). Along the thick ascending limb, Cl– reabsorption is increased
by 19% and 9% in the MP and LP models, respectively (Fig. 4.4C). In both pregnant
models, increased transport in the thick ascending limb is due to the increased NKCC2
activity. Additionally, K+-Cl– cotransporter activity is increased resulting in increased
Cl– reabsorption. Urinary Cl– excretions for the NP, MP, and LP models are 7.4, 8.0,
and 7.4 pmol/min, respectively. We note that urinary Cl– excretion is slightly increased
during pregnancy and the increase in predicted urinary Cl– excretion in the MP and LP
models from NP is within reported ranges [14, 53].

The model predicted that 54% of filtered K+ is reabsorbed along the proximal tubule
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Figure 4.2: Delivery of key solutes (A-E ) and volume (F ) to the beginning of the individual
nephron segments in the NP, MP, and LP models. PT, proximal tubule; SDL, short
descending limb; mTAL, medullary thick ascending limb; DCT, distal convoluted tubule,
CNT; connecting tubule; CCD, cortical collecting duct. Insets: reproduction of distal
segment values.
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Figure 4.3: Fractional delivery of key solutes (A-E ) and volume (F ) to the beginning of the
individual nephron segments in the NP, MP, and LP rat models. PT, proximal tubule; SDL,
short descending limb; mTAL, medullary thick ascending limb; DCT, distal convoluted
tubule, CNT; connecting tubule; CCD, cortical collecting duct. Insets: reproduction of
distal segment values.
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in the NP model (Fig. 4.2B; Fig. 4.3B). Net K+ reabsorption along the proximal tubule
increases by 36% in MP and 52% in LP (Fig. 4.4B). Together with the increases in filtered
K+ load, due to increased SNGFR and, in LP, increased K+ plasma concentration, the net
increases in K+ reabsoprtion yield increases in fractional reabsorption, at 57% in MP and
60% in LP, along the proximal tubule (Fig. 4.3B). Like Na+ and Cl– , most of the remaining
K+ is also reabsorbed along the thick ascending limb. Downstream of the loop of Henle,
the distal convoluted tubules and connecting tubules vigorously secrete K+ (Fig. 4.4B).
Consequently, 22% of the filtered load of K+, or 21 pmol/min per (superficial) nephron is
excreted in urine in the NP model (Fig. 4.2B; Fig. 4.3B). Interestingly, K+ transport along
the distal segments differs significantly in pregnancy; H+-K+-ATPase activity is increased
and K+ secretion in the distal segment K+ secretory channels is reduced. As a result, in
MP, K+ secretion along the distal convoluted tubule and connecting tubule is decreased
by 10% despite increased ENaC activity that would, in isolation, increase K+ secretion.
In addition, reabsorption in the collecting duct is increased by 54% compared to the NP
model (Fig. 4.4B). Similar changes occur in LP. These changes lead to 29% and 42%
more accumulated K+ reabsorption along the full nephron during MP and LP, respectively
(Fig. 4.5B).

Renal NH +
4 handling is predicted to be qualitatively similar in NP and pregnancy. In

all three cases considered, the proximal tubule is a major site of NH +
4 secretion via substi-

tution of H+ in the NHE3 transporter, whereas a substantial fraction of NH +
4 is reabsorbed

along the thick ascending limbs by substituting for K+ in the NKCC2 (Fig. 4.4D). The
proximal tubule also serves as a major site for HCO –

3 reabsorption, with the remainder
reabsorbed along the thick ascending limbs (Fig. 4.4E).

The majority (65%) of the filtered volume is reabsorbed along the proximal tubule in
the NP model (Fig. 4.2F; Fig. 4.4F). Net water reabsorption along the proximal tubule
increased by 34% and 25% in MP and LP, respectively (Fig. 4.4F). This yields similar
fractional reabsorption of about 68% in both MP and LP models along the proximal tubule.
Enhanced water reabsorption is primarily due to increased proximal tubule length. More
water is reabsorbed downstream, albeit at a slower rate. The models, which represent a
superficial nephron of the kidney in an antidiuretic state, predict a urine output of 0.25
nl/min per nephron (superficial) in the NP model and about 0.30 nl/min per nephron
(superficial) in both the MP and LP models. The increase in volume excretion during
pregnancy is within reported ranges [14, 53,125].

Taken together, baseline results suggest that the adaptations represented in the MP
and LP models yield an appropriate response to the marked elevation in filtered loads of
solutes and volume during normal pregnancy.
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Figure 4.4: Net segmental transport of key solutes (A-E ) and volume (F ) along the indi-
vidual nephron segments in the NP, MP, and LP models. Transport is taken to be positive
out of the nephron segment, i.e., positive transport shows ret reabsorption and negative
shows net secretion along the respective segment. PT, proximal tubule; SDL, short de-
scending limb; DCT, distal convoluted tubule; CNT, connecting tubule; CD, collecting
duct. Insets. reproduction of the distal segment values
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Figure 4.5: Accumulated transport of key solutes (A-E ) and volume (F ) along the individ-
ual nephron segments in the NP, MP, and LP models. Transport convention and segment
labels are the same as in Fig. 4.4.
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4.3.2 Sensitivity analysis: impact of morphological adaptations

We first assess the effects of the increases in model proximal and distal tubule dimensions.
To assess the impact of individual morphological changes, we set each of the individual
MP or LP parameter changes (proximal tubule length, proximal tubule diameter, and
distal tubule diameter) to the NP value, while keeping all other model parameters at the
respective MP or LP values. The respective Na+, K+, or volume urinary excretion was
computed by running the full nephron model with the one parameter change. Fractional
change in excretion (denoted ∆s excretion) for s = Na+, K+, or volume is then computed
as follows:

∆s excretion (%) =
Unew
s,p − Ubaseline

s,p

Ubaseline
s,p

× 100% (4.1)

where p = MP or LP denotes which pregnancy-specific model is being analyzed, Unew
s,p

denotes the new urinary excretion of Na+, K+, or volume computed, and Ubaseline
s,p denotes

the original baseline model urinary excretion. Urine output and Na+ excretion are key
measures due to the importance of water and Na+ retention in maintaining plasma volume
expansion during pregnancy [35, 129]. K+ excretion is another important measure, given
the dangers of hypokalemia and hyperkalemia, and because of K+ retention observed during
LP [35,131]. Results are shown in Fig. 4.6.

As previously noted, the proximal tubule reabsorbs just over half of the filtered Na+,
K+, and volume in each of the models. Without the respective increased proximal tubule
length in the MP model, the proximal tubule reabsorbs 12% less of the filtered Na+ load.
The downstream segments make up for some of the Na+ transport; nonetheless, urinary
excretion is predicted to increase by 50%. Analogous results are obtained for K+ and fluid,
and for LP (see Fig. 4.6).

The distal tubular segments absorb only about half of what the proximal tubule does.
Without the increase in distal tubular diameter, urinary Na+ excretion would increase
by about 4% in MP and LP (Fig. 4.6A). Similar increases are predicted for urine output
(Fig. 4.6C). Although there is significant K+ reabsorption along the thick ascending limb,
the distal convoluted tubule and connecting tubule secrete K+, resulting in net K+ secretion
along these distal segments. As such, taken in isolation, a reduction in distal tubule
diameter and transport area would reduced K+ secretion. However, Na+ flow is also
increased, which created a favorable electrical potential gradient to facilitate increased K+

secretion as shown in Fig. 4.6B.

In summary, pregnancy-induced changes in tubular morphology markedly increase net
Na+, K+, and volume reabsorption. Increased proximal tubule length is likely the most
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important morphological factor in avoiding excessive diuresis, natriuresis, and kaliuresis in
pregnancy.

4.3.3 Sensitivity analysis: impact of transporter adaptations

The MP and LP models represent a multitude of changes in transporter activity, based
largely on experimental findings that have characterized transporter activity and expression
during pregnancy (see Table 4.1; graphical summary of the changes in Fig. 4.1). Following
the approach aforementioned, we assessed the effect of individual transporter adaptations
by setting the transporter activity or permeability value in the MP or LP model to the
NP value, while keeping all other model parameters at the respective MP or LP values.
We then computed changes in urinary excretion rates of Na+, K+, and volume that result
from that local change. Results are shown in Fig. 4.7.

Na+ transporters.

Without increased NHE activity, urinary Na+ excretion increased by 21% and 10% in the
MP and LP models, respectively. This change had one of the largest impact on urinary
Na+ excretion for any of the Na+ transporter pregnancy changes for the MP and LP
models (see Fig. 4.7A). In addition, the NHE activity has the second largest impact on the
urinary volume excretion in both the MP and LP models, with an increase of 9% and 7%,
respectively (see Fig. 4.7C). These results indicate that upregulation of NHE activity may
play a key role in Na+ and fluid retention in pregnancy.

Mahaney et al. [63] observed that changes in Na+-K+-ATPase activity during pregnancy
are region-dependent. Specifically, cortical Na+-K+-ATPase activity is decreased in both
MP and LP, wherease medullary Na+-K+-ATPase activity is increased during MP and
unchanged during LP [63]. In the LP model, resetting Na+-K+-ATPase activity to the
higher NP value leads to a 17% increase in Na+ reabsorption along the proximal tubule
and ascending limb, resulting in lower Na+ delivery to segments after the macula densa
so that the urinary Na+ excretion is decreased by 19%. In the MP model, the opposite
changes in cortical and medullary Na+-K+-ATPase activity results in a smaller decrease
of 12% in urinary Na+ excretion (Fig. 4.7A). Because water transport is largely driven by
Na+ reabsorption, volume excretion is decreased by about 7% in both the MP and LP
models (see Fig. 4.7C). And because distal K+ secretion is driven by Na+ reabsorption,
the reduced luminal Na+ flow and Na+ transport decreased urinary K+ excretion by 6%
and 3% in the MP and LP models, respectively (see Fig. 4.7B).

53



Figure 4.6: Sensitivity of Na+ (A), K+ (B), and volume (C ) excretion to pregnancy-induced
changes in morphology parameters. Individual model parameters in the mid-pregnant
(MP) and late-pregnant (LP) models were set to non-pregnant (NP) values and excretion
of Na+, K+, or volume was computed. The fractional change in excretion from the original
MP or LP model result (as labeled) is shown. Distal segments refer to all segments other
than the PCT and S3 segments (i.e., after the proximal tuble). PT denotes the proximal
tubule. MP and LP parameter details are listed in Table 4.1.
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NKCC2 activity in the thick ascending limb was increased by 15% and 50% in the
MP and LP models, respectively (Table 4.1). However, NKCC2 activity does not seem to
have a large effect on the MP and LP models. Without NKCC2 upregulation, net Na+

transporter along the thick ascending limb decreased by about 1% in both the MP and LP
models. This results in a change of <1% in urinary Na+ excretion in both the MP and LP
models (Fig. 4.7A.).

ENaC activity in the distal segment was increased by 85% and 115% in the MP and LP
models, respectively, based on experimental data in Refs. [125–127]. Our analysis indicates
that increased ENaC activity has the largest impact on predicted urinary excretion in
both MP and LP (Fig. 4.7A). ENaC plays a role in fine-tuning Na+ transport in the
distal segments, so without the increase during pregnancy, our model predicts about a 5%
decrease in reabsorption in the distal segments (downstream of the macula densa) in both
the MP and LP models. This, in turn, resulted in urinary Na+ excretion increasing by
about 21% (Fig. 4.7A), together with about 3% increase in urine output (Fig. 4.7C) in
both the MP and LP models. We also noted that since ENaC is a known potent kaliuretic
factor, K+ excretion is significantly decreased without its upregulation (Fig. 4.7B).

Other Na+ transporters including NaPi2, NCC, and NHE1 are all downregulated during
pregnancy (Table 4.1). An analysis of these changes impact on Na+, K+, and volume
excretion reveal a <2% change for each of these transporters in both the MP and LP
models (Fig. 4.7).

In summary, our analysis shows that the likely increased activities of NHE3 and ENaC
play key roles in the increased Na+ reabsorption of the kidneys and subsequent Na+ re-
tention observed during pregnancy. These transporters also have a significant impact on
volume retention, and thus pregnancy-induced plasma volume expansion.

Water channels

The collecting duct water channel aquaporin 2 (AQP2) is upregulated during MP and LP
(see Table 4.1) [4, 99]. Without this adaptation, volume excretion increased by 8% and
5% in the MP and LP models, respectively due to decreased (about 2% in both MP and
LP) collecting duct water reabsorption (Fig. 4.7C). It has also been hypothesized that the
water channel aquaporin 1 (AQP1) is upregulated in the descending limb during LP [66].
We found that this change did not have as significant of an impact on urinary excretion
as AQP2; downregulating AQP1 to the NP value only increased the volume excretion by
<1% (Fig. 4.7C). Therefore, our analysis suggests that the upregulation of AQP2 may play
a key role in volume reabsorption during pregnancy.
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Figure 4.7: Sensitivity of Na+ (A), K+ (B), and volume (C ) excretion to pregnancy-
induced changes in transporter parameters. Individual model parameters in the mid-
pregnant (MP) and late-pregnant (LP) models were set to non-pregnant (NP) values and
excretion of Na+, K+, or volume was computed. The fractional change in excretion from
the original MP or LP model result is shown. NHE: Na+/H+ exchanger, ENaC: epithelial
Na+ channel, NKCC2: Na+-K+-ATPase, NaPi2: Na+-H2PO

–
4 cotransporter, NCC: Na+-

Cl– cotransporter, NHE1: Na+/H+ exhanger isoform 1, KCC: K+-Cl– cotransporter, PK:
apical K+ permeability, HKATPase: H+-K+-ATPase activity, AQP1: transcellular water
permeability in PT, AQP2: transcellular water permeability in distal segments. Parameter
details are listed in Table 4.1. 56



K+ transporters

Apical K+ permeability in the distal segments was signficantly lowered to account for
downregulated major K+ secretory channels (ROMK and BK) in the distal tubule during
pregnancy (Table 4.1). In the LP model, without this downregulation, K+ secretion along
the distal convoluted tubule and connecting tubule is increased by 21%, resulting in a 10%
increase in urinary K+ excretion (Fig. 4.7B). In the MP model, without downregulated
secretion in the distal segments, K+ secretion along the distal convoluted tubule and con-
necting tubule increased by 25%, resulting in K+ excretion prediction increasing by 9%
(Fig. 4.7B). We also noted that when the apical K+ permeability was increased to NP
levels, Na+ excretion greatly decreases due to the natriuretic effect of lower K+ secretion
(Fig. 4.7A).

H+-K+-ATPase type 2 activity in the connecting tubule and collecting duct is sub-
stantially increased pregnancy [105,131]. Without the increase in H+-K+-ATPase activity,
urinary K+ excretion increased by about 18% in both the MP and LP models (Fig. 4.7B),
due to a 40% and 26% decrease in K+ reabsorption along the collecting duct in the MP and
LP models, respectively. Similarly, without increased H+-K+-ATPase activity in the MP
model, there is a 13% increase in K+ excretion (Fig. 4.7B). This result shows that increased
H+-K+-ATPase activity during pregnancy is essential to prevent excess kaliuresis in both
MP and LP.

Activity of the K+-Cl– cotransporters (KCC) has yet to be characterized in the pregnant
rat. We estimated that KCC activity should be increased by 40% in MP and 35% in LP to
avoid excessive water and electrolyte loss (Table 4.1). In the absence of KCC upregulation,
predicted K+ excretion increases by 17% and 8% (Fig. 4.7B), Na+ excretion increases by
22% and 10% (Fig. 4.7A), and volume excretion increases by 13% and 7% (Fig. 4.7C) in
the MP and LP models, respectively. This result suggests that the KCC may play a role
in electrolyte and water retention during pregnancy.

In summary, model analysis supports the hypothesis by West et al. [131] that K+

retention in LP is driven by decreased secretion due to decreased ROMK and BK chan-
nel expression in conjunction with significantly increased H+-K+-ATPase activity. Model
analysis also suggests that similar adaptations are made during MP to prevent excessive
kaliuresis. In addition, simulation results suggest that the upregulation of KCC may be
necessary to prevent excessive diuresis, natriuresis, and kaliuresis in pregnancy.
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4.3.4 Sensitivity analysis: model parameter sensitivity

To assess model sensitivity to variations in key parameters, we conducted a sensitivity
analysis for each of the parameters that were changes in the MP and LP models. To that
end, we computed model solutions by increasing the respective parameter by 10% and
decreasing by 10%, and then evaluated the changes in Na+, K+, and volume excretions.
Letting U+10%

s,t,p and U−10%
s,tp denote the urinary excretion for Na+, K+, or volume (denoted

by the subscript ‘s’) for some adaptation t (e.g., ‘t’ may denote NHE3 activity), where
the parameter value for t is increased or decreased by 10%. The subscript ‘p’ denotes
the pregnancy status described by the model, i.e., p= MP or LP. We then computed the
fractional change in excretion rates as follows:

U+10%
s,t,p − U−10%

s,t,p

Us,p

(4.2)

where Us,p denotes the baseline model urinary excretion, to measure the sensitivity of the
model to parameter t. Note that (4.2) measures sensitivity to changes in a given parameter
at its MP or LP value, and is independent of the NP value, i.e., how much that parameter
is changed due to pregnancy. This is the key difference from the earlier sensitivity analysis
(Figs. 4.6 and 4.7).

Sensitivity results are shown in Fig. 4.8. The results are similar for MP and LP,
indicating that both models are most sensitive to morphological adaptations, especially
proximal tubule length. This is consistent with the analysis above (Fig. 4.6). In terms of
transporters, the predicted Na+ excretion is notably more sensitive to changes in Na+-K+-
ATPase activity, whereas K+ excretion is more sensitive to the distal KCC and H+-K+-
ATPase.

4.4 Discussion

Pregnancy induces major changes in the structure and function of the kidney, resulting
in kidney growth as well as elevated blood flow, in a process that changes continually
throughout pregnancy [35, 49, 53, 129]. A particular drastic change is the 30% increase
in GFR in pregnant rats [19, 21]. While osmolality of the plasma is slightly decreased,
this massive increase in GFR results in an increased filtered load to the nephrons during
pregnancy. How do the kidneys of a pregnant rat handle the increased filtered load?
Pregnancy-induced renal adaptations, as recently reviewed by de Souza and West [35], are
complex and extensive. How might those coordinated changes not only meet that increased
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Figure 4.8: Sensitivity of Na+, K+, and volume excretion (denoted by UNa, UK, and UV

respectively) to parameters involved in pregnancy adaptations. Sensitivity was assess for
the mid-pregnant (MP) and late-pregnant (LP) models using (4.2). MP and LP parameter
changes from NP are listed in Table 4.1. Notations are analogous to those in Fig. 4.6 and
Fig. 4.7.

demand but retain electrolytes? These are the questions that the present study seeks to
answer.

The increase in plasma volume required to supply the developing fetus and placenta is
largely driven by Na+ retention [125,128,129]. During pregnancy, aldosterone, angiotensin
II, estrogen, and insulin are elevated; all these hormones are known to stimulate renal Na+

retention [35,48,95]. However, progesterone, nitric oxide, and GFR are also elevated; these
are factors known to promote Na+ excretion [15,35,36,48,63,95,129]. Thus, Na+ retention
in pregnancy is a result of several competing factors.

Located on the apical side of the proximal tubular cells, NHE3 drives most renal Na+

transport along the proximal tubule. The protein abundance of NHE3 has been reported to
decrease in MP and LP rats [68], or remain unchanged in whole kidney homogenates [125].
That said, the difference between transporter protein abundance and activity must be
appreciated, and it is the latter, i.e., activity that ultimately determines the transport
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capacity of the cell. For example, the proximal tubules in female rats exhibit a higher
protein expression of NHE3 compared to males, but a lower NHE3 activity due to a higher
level of phosphorylation in male rat nephrons [59,112]. These two competing effects result
in lower Na+ transport along the female rat proximal tubules [59, 112]. The mystery
of “untapped” NHE3 in the female rat kidney has led to the hypothesis that it gives
females the reserved capacity to handle the increased transport demand in pregnancy and
lactation [59,60]. No known study to date has determined NHE3 activity during pregnancy.
We have postulated that NHE3 is elevated in MP and LP (Table 4.1), making it possible
for pregnant females to reabsorb the enhanced filtered Na+ load [60]. In the absence of
this adaptation, model analysis suggests that the water and electrolyte retention required
in pregnancy would not have been possible (Fig. 4.7).

Although the proximal tubules reabsorb most of the filtered Na+ and fluid, the distal
tubular segments are responsible for fine-tuning the remaining filtrate so that urinary
excretion approximately equals intake. West et al. [125] reported an increase in the renal
α-ENaC activity during MP and LP. In addition, Fu et al. [47] found a significant increase in
ENaC protein expression during pregnancy, and hypothesized this was driven by activation
of the intrarenal renin-angiotensin-aldosterone system via the prorenin receptor. West et al.
[127] found that chronic ENaC blockade in a pregnant rat resulted in reduced Na+ retention
and plasma volume expansion, and pups with lower birthweight. Our sensitivity analysis
indicated that without the ENaC activity increase, excess natriuresis occurs (Fig. 4.7A).
Together, model analysis and previous experimental reports demonstrate the importance
of massively increased ENaC activity during pregnancy.

Despite Na+ retention occurring in pregnancy, some renal transporters are downregu-
lated. Mahaney et al. [63] showed that Na+-K+-ATPase activity is decreased in the renal
cortex during both MP and LP. In the medulla, the Na+-K+-ATPase activity is slightly
increased during MP and then largely remained unchanged during LP [63]. It is likely that
the increased progestrone and nitric oxide during pregnancy decrease the activity of cortical
Na+-K+-ATPase [63,93]. These findings are initially surprising as an increase in Na+-K+-
ATPase activity would likely be expected to facilitate Na+ retention. Also notable is the
finding that renal NCC is essentially unchanged during MP and decreased during LP [127].
That observation appears to be counterintuitive to the upregulation of aldosterone during
pregnancy, which normally activates NCC [35, 128]. Nonetheless, model simulations indi-
cate that, with other renal adaptations, the kidney can meet the Na+ transport demand
in pregnancy via Na+ reabsorption through other transporters and increased nephron size
(Fig. 4.2A).

The kidney is larger in both MP and LP rats [49,62]. In particular, the proximal tubule
significantly increases in length [15,53]; its diameter likely increases as well. Together, these
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imply a significantly larger transport area. For example, in the LP model, the 17% and 7%
increases in proximal length and diameter imply a 25% increase in transport area, which
has a major impact on electrolyte and water transport. The effect of larger transport
area has been previously assessed in a modeling study that focused on sex differences (not
pregnancy). Li et al. [83] suggests that the larger transport area of the proximal tubules
of the male rat compared to female (about 50%) led to a corresponding 50% higher Na+

reabsorption. In the case of the pregnant rat, its larger proximal tubule may be what
drives overall increased Na+ retention despite downregulated key Na+ transporters. It is
also noteworthy that to allow for the pregnancy-induced renal hypertrophy, the cortex of a
virgin female kidney may have developed to be smaller, which may explain the observation
that much of the difference in size between female and male rat kidneys can be attributed
to the cortex [100].

Pregnancy is marked by increased water reabsorption and water retention. Joyner et
al. [66] found that AQP1, expressed along the descending thin limb, is unchanged during
MP but significantly upregulated during LP. Ohara et al. [99] found that in the collecting
duct, AQP2 was significantly upregulated during both MP and LP. As noted previously,
the distal tubular segments are responsible for fine-tuning electrolyte and water transport.
Our sensitivity analysis indicates that the marked increase in water transport along the
proximal tubules alone is not enough to achieve the water retention required in pregnancy;
the additional upregulation of AQP2 is necessary to avoid excessive water loss (Fig. 4.7C).

Unlike Na+ retention which begins at early gestation, K+ retention is only observed in
LP [14, 35, 131]. K+ is retained despite known kaliuretic factors, including elevated levels
of circulating aldosterone [48], increased plasma K+ concentration [14, 53, 131], decreased
NCC activity [128], and increased ENaC activity [125] that, when taken in isolation, tend
to increase K+ secretion. In contrast, K+ secretion along much of the distal nephron seg-
ments is mediated by the apical renal outer medullary K+ channels, which are significantly
downregulated in LP, likely promoting K+ retention [131]. In addition, West et al. [131]
found that H+-K+-ATPase expression is highly upregulated during LP. Salhi et al. [105]
showed that in LP mice, elevated progesterone levels activated H+-K+-ATPase and atten-
uate collecting duct K+ secretion. Taken together, these competing changes reduce K+

excretion leading to K+ retention in LP. Our sensitivity analysis indicated that upregula-
tion of H+-K+-ATPase activity and significantly decreased K+ secretion along the distal
nephron is needed for K+ retention (Fig. 4.7B), consistent with the hypothesis by West et
al. [131].

Abreu et al. [4] showed major decreased ROMK2 mRNA expression in MP rats, but
no other study to date has investigated K+ transporter activity or expression during MP
specifically. However, kaliuretic factors have been found during MP, including increased al-
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dosterone and ENaC activity [35,125]. In addition, there are high progesterone levels which
is known to increase H+-K+-ATPase activity [53,105]. Our model analysis found that with-
out decreased K+ secretion along the distal segments and collecting duct, with increased
H+-K+-ATPase activity, excessive kaliuresis is predicted in MP (Fig. 4.7B). Therefore, we
hypothesize that the K+ transport adaptations that occur during LP also occur in MP
(likely to a lesser extent) despite K+ retention occurring only in LP.

This study sought to answer this question: What is the physiological implication of the
differences in renal transporter distribution between female and male rat nephrons: lower
Na+ and water trasnporters and lower fractional reabsorption in the proximal nephron of
female versus male rats, coupled with more abundant transporters in renal tubule seg-
ments downstream of the macula densa [112]? Our findings suggest this answer: To better
prepare females for the electrolyte and fluid retention adaptations required in pregnancy.
More specifically, a key finding is that the relatively large fraction of inactivated NHE3 in
the proximal tubule of the female rat [112] makes it possible for increased Na+ transport
capacity to meet the higher demands in pregnancy, by activating reserved NHE3 without
increasing the overall abundance of NHE3 proteins. Moreover, compared to males, females
exhibit more abundant transporters along the distal nephron segments, which are respon-
sible for the fine control of electrolyte excretion [52]. Indeed, simulation results indicated
that Na+ and K+ retention in pregnancy is accomplished, in large part, by the changes in
transporters along the distal nephron (Fig. 4.7). Taken together, model simulations indi-
cated that the pregnancy-induced morphological and molecular changes allow the kidneys
of a pregnant rat to meet the marked increase in filtered load, and to retain Na+ and K+

necessary for supporting rapid fetal growth.

Model limitations and future extensions

Computational models of renal tubular function developed in the past two decades [58–
61, 73, 74, 76, 77, 79, 80, 83, 119–121] have provided an accurate accounting of solute and
water transport, and yielded insights into transport pathways, driving forces, and coupling
mechanisms. As discussed in Refs. [75, 118], limitations of these models primarily include
some that stem from the paucity of experimental data, and others that are inherent to
the model structure (e.g., not considering spatial inhomogeneity within a compartment or
intracellular signaling pathways). Given the present study’s focus on pregnancy, we will
discuss limitations of computational models of kidney function in pregnancy.

A notable limitation is that some of the adaptations represented in the MP and LP
models are not well characterized by experimental studies or are model assumptions (e.g.,
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upregulation of the K+-Cl– co-transporter). Also, the present models represent a super-
ficial nephron only. The juxtamedullary nephrons, which are not included in the models
presented here, have loops of Henle that reach into the inner medulla and generally have
a higher SNGFR than the superficial nephrons. More comprehensive models that include
both superficial and juxtamedullary nephrons (such as in Ref. [60, 76, 80, 121]), would be
able to predict more accurate urine output for MP and LP, thus giving a more compre-
hensive picture of kidney function during pregnancy.

This study focused on renal adaptations in a normal pregnancy, which is character-
ized by avid plasma volume expansion as well as Na+ and K+ retention. In a NP state,
hypertension is generally associated with water and Na+ retention [5]. Interestingly, that
association appears to be broken during pregnancy. Remarkably, pregnancy tends to have
an anti-hypertensive effect on spontaneously hypertensive rats [10,85]. Hypertension dur-
ing pregnancy is highly complicated and not fully understood. Additionally, hypertensive
disorders of pregnancy (meaning onset of high blood pressure after start of gestation), such
as gestational hypertension or pre-eclampsia, are associated with a lower plasma volume
than normal pregnancy [26,129]. Further complicating the picture is the observation that
hypertension alters renal transport differently in virgin and pregnant rats. Abreu et al. [4]
showed that in a virgin hypertensive rat NHE3 and NCC are upregulated signficantly and
NKCC2 is slightly doesnregulated leading to increased Na+ reabsorption compared to the
normotensive virgin control. However, in a MP hypertensive rat Na+ transporter NHE3
mRNA expression was significantly downregulated compared to normotensive MP rat con-
trol [4]. How do these hypertension-induced renal transport changes affect kidney function
differently in NP and pregnancy? A combination of experimental, clinical, and theoretical
efforts may be required to fully understand the pathogenesis of hypertension in pregnancy,
including preeclampsia. Theoretical efforts may leverage the sex-specific computational
models that have been developed for blood pressure regulation [6–8,82].

4.5 Perspectives and Significance

A healthy pregnancy requires a myriad of physiological adaptations. Due to an essential
increase in plasma volume and electrolyte retention, major adaptations in the kidney are
required. Experimental studies have shown several major adaptations specifically in kid-
ney morphology and renal transporter activities. To investigate the functional implications
of these changes, we have developed the first computational models of nephron function
during MP and LP in the rat. Model simulations quantify which adaptations play major
roles in electrolyte and volume homeostasis during pregnancy, analyze the synergy of these
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changes, and predicts additional adaptations necessary for homeostasis. The insights pro-
vided by the present study into renal physiology during normal pregnancy is a step towards
understanding pregnancy disorders that may alter renal transport.
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Chapter 5

Multi-nephron model of kidney
function during pregnancy and
hypertension

Abstract

During pregnancy, major adaptations in renal morphology, hemodynamics,
and transport occur to achieve the volume and electrolyte retention required in
pregnancy. These changes are complex, and in isolation are sometimes coun-
terintuitive. During chronic hypertension altered renal function occurs. When
a female with chronic hypertension becomes pregnant it is likely that renal
function will be different than normal pregnancy renal function due the under-
lying pathology. The goal of this study is to analyze how altered renal function
during chronic hypertension impacts renal function during pregnancy. We hy-
pothesize that hypertension-induced changes in renal transport pattern shifts
Na+ transport to downstream segments, while retaining sufficient K+ for preg-
nancy needs. To test this hypothesis, we first developed epithelial cell-based
computational models of solute and water transport in the superficial and jux-
tamedullary nephrons of the kidney for a pregnant rat. Using this models
we analyzed the full kidney impact of key pregnancy-induced renal adapta-
tions found in our previous study. Then we developed the models to capture
changes made during chronic hypertension. Reductions in proximal tubule and
medullary loop transporters are represented in the models. The models predict
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a shift of Na+ transport load to distal segments, where transporters are up-
regulated; that partially counteract natriuresis and diuresis. Our results also
suggest that differential regulation of medullary (decrease) and cortical (in-
crease) thick ascending limb transporters is important to preserve K+ while
minimizing Na+ retention during hypertension.

5.1 Introduction

Normal pregnancy is characterized by complicated, multifactorical adaptations in the ma-
ternal body in almost all physiological systems [95]. These changes are dynamic, often
competing, and are sometimes counterintuitive, when considered in isolation. Remark-
ably, in a healthy pregnancy, the maternal body can sufficiently adapt to sustain the
rapidly developing fetus and placenta, and later return to normal pre-pregnancy levels
post-parturition. However, when the maternal body does not sufficiently adapt, dangerous
gestational disorders or fetal growth restriction may occur.

Hypertensive disorders of pregnancy are the most common gestational complication
worldwide. About 10-15% of pregnancies are complicated by a hypertensive disorder,
which includes chronic hypertension (hypertension before the start of gestation), ges-
tational hypertension (onset of hypertension after 20-week gestation), preeclampsia (of-
ten diagnosed by gestational hypertension and proteinuria, severe risk of eclampsia), and
chronic hypertension with superimposed preeclampsia (chronic hypertension with symp-
toms of preeclampsia such as proteinuria) [27,46,96,111]. Each of these disorders are highly
complex and are known to have both short and long term health effects for both mother
and fetus [86,88,96,111].

The kidneys play an essential role in regulating body homeostasis, namely water, elec-
trolyte, and acid-base balance [40]. During pregnancy, the plasma volume of the mother
must expand significantly to support the rapidly developing fetus and placenta [129]. In
a virgin or non-pregnant (NP) rat, almost all Na+ intake is excreted through urine, but
in pregnancy this is not the case, there is a net Na+ retention [35]. In late pregnancy, net
K+ retention occurs [35, 127]. Since the kidneys are regulators in volume and electrolyte
homeostasis, major adaptations are made in renal hemodynamics [9,15,19,21,53,84], mor-
phology [15,53,62], and nephron transport [4, 31,35,63,66,68,99,125–127,130] to support
these changes.

The kidneys also play an essential role in long-term blood pressure control by main-
taining Na+ homeostasis. Altered renal function in a NP rat occurs during hyperten-
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sion [41,97,113]. Indeed, during a pregnancy complicated by hypertension, altered expres-
sion of renal transporters has been observed [4]. There is still much to be learned about
hypertensive pregnancy. In this paper we seek to investigate how hypertension impacts re-
nal function in a female (i.e., NP) rat and pregnant rat through computational modeling.
Specifically, since there are multiple hypertensive disorders of pregnancy, we investigate
what may happen in the kidneys of a hypertensive female rat becomes pregnant. More
details are discussed in Section 5.2.

In our previous study, we investigated the effect of pregnancy-induced renal adaptations
in mid- and late pregnancy on transport in a rat superficial nephrons using computational
modeling [109]. That study suggested that increased proximal tubule length, increased
Na+/H+ exchanger activity, and increased epithelial Na+ channel activity are likely the
key players in retaining Na+ during pregnancy. Additionally, the significantly downreg-
ulated K+ channels in the distal segments with increased H+-K+-ATPase activity ensure
that excess kaliuresis does not occur through pregnancy and for retention of K+ in late
pregnancy [109]. In this study, we expand the models developed for the superficial nephron
into a model of a full kidney of a mid- and late pregnant rat. Additionally, we extend the
models to investigate how hypertension may affect kidney function in pregnancy.

5.2 Method Details

In our previous work (Ref. [109]; Chapter 4), we developed epithelial cell-based models of a
superficial nephron in the kidney of a NP, mid-pregnant (MP), and late pregnant (LP) rat.
While the superficial nephrons do make up about 2/3 of the total nephron population, to
capture full kidney function, we consider various types of nephrons. More specifically, both
superficial and juxtamedullary nephrons. This type of model can be described as a multiple
nephron model and has been developed extensively for non-pregnant rats (both male and
female) [60, 80] (also see Chapter 3 Section 3.2). In this study, we developed pregnancy-
specific multiple nephron models for MP and LP rats. Additionally, we developed models
of hypertensive NP and investigated what may happen in the kidneys when a hypertensive
(NP) female becomes pregnant by adding pregnancy changes to the model.

Note that the original model equations (see Ref. [60]; Chapter 3) are based on mass
conservation which are also valid in pregnancy and hypertension. Hence, those same equa-
tions are used in the MP, LP, and hypertensive models, but appropriate parameter values
are changed to account for the appropriate renal adaptations. The parameter changes for
the MP and LP models versus NP are summarized in Table 5.1. The hypertensive NP and
MP model parameter changes are summarized in Table 5.2.
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Figure 5.1: Schematic diagram of the nephrons represented in the models. The model
includes a superficial and five representative juxtamedullary nephrons scaled by the ap-
propriate population ratio. Here only one superficial and one juxtamedullary nephron are
illustrated. The juxtamedullary nephron is the nephron including the LAL and LDL seg-
ments. The diagram displays main Na+, K+, and Cl– transporters as well as aquaporin wa-
ter channels. Mid-pregnant adaptations from non-pregnancy are indicated by pink arrows.
Late pregnant adaptations from non-pregnancy are indicated by green arrows. Upward
orientation indicates and increase; downward orientation indicates a decrease. No arrow
indicates that the transporter is not changed in the respective model. Details are shown
in Table 5.1. SNGFR, single-nephron glomerular filtration rate. Other abbreviations are
as listed in Fig.4.1. Cell and nephron diagram adapted from Refs. [80,109].
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5.2.1 Multi-nephron epithelial transport model

Each nephron segment is modeled as a tubule lined by a layer of epithelial cells in which the
apical and basolateral transporters vary depending on the cell type (i.e., segment, which
part of segment, intercalated and principal cells). The model accounts for the following 15
solutes: Na+, K+, Cl– , HCO –

3 , H2CO3, CO2, NH3, NH
+

4 , HPO 2–
4 , H2PO

–
4 , H+, HCO –

2 ,
H2CO2, urea, and glucose. The model consists of a large system of coupled ordinary
differential and algebraic equations, solved for steady state, and predicts luminal fluid flow,
hydrostatic pressure, membrane potential, luminal and cytosolic solute concentrations, and
tancellular and paracellular fluxes through transporters and channels. A schematic diagram
of the various cell types, with MP and LP changes highlighted, is given in Fig. 5.1.

Superficial vs.juxtamedullary nephrons. Kidneys have multiple types of nephrons; su-
perficial and juxtamedullary nephrons make up most of them [54, 56, 64]. In a rat, about
two-thirds of the nephron population are superficial nephrons: the remaining third are
called juxtamedullary nephrons. These two nephron types have several key differences.
The first major difference is that the juxtamedullary nephrons have loops of Henle that
reach differing depths into the inner medulla. In contrast, the loops of superficial nephrons
turn before reaching the inner medulla. To capture this, in the model there are six classes
of nephrons: a superficial nephron (denoted by “SF”) and five juxtamedullary nephrons
that are assumed to reach depths of 1,2,3,4, and 5 mm (denoted by “JM-1”, “JM-2”,
“JM-3”, “JM-4”, and “JM-5”, respectively) into the inner medulla. In the same was as in
Ref. [80], the ratios for the six nephron classes are nsf = 2/3, nJM−1 = 0.4/3, nJM−2 = 0.3/3,
nJM−3 = 0.15/3, nJM−4 = 0.1/3, and nJM−5 = 0.05/3 so that 2/3 of the nephrons are su-
perficial and juxtamedullary nephrons make up the remaining 1/3 of the nephrons. Note
that shorter juxtamedullary nephrons are the most common, thus turning in the upper
portion of the inner medulla. These assumptions are used from Ref. [80] which were based
on anatomical findings in Ref. [71].

The previously developed superficial nephron NP, MP, and LP models (see Ref. [109];
Chapter 4) include the proximal tubule, short descending limb, thick ascending limb, dis-
tal convoluted tubule, connecting tubule, and the collecting duct segments. The jux-
tamedullary nephron models include all the same segments of the superficial nephrons
with the addition of the long descending limbs and ascending thin limbs; these are the
segments of the loops of Henle that extend into the inner medulla (see Fig. 5.1). The
length of the long descending limbs and ascending limbs are determined by which type of
juxtamedullary nephron is being modeled.

It has been shown that the SNGFR for juxtamedullary nephrons is higher than the
superficial nephron SNGFR [64,80]. We assume that the juxtamedullary SNGFR is about
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40% higher than the superficial SNGFR in the NP model as done in Ref. [60] and is reported
in experimental studies in Refs. [54, 56,64].

All other segments in the juxtamedullary nephrons are the same as the superficial
nephrons except the length of the cortical thick ascending limb and the connecting tubule.
Since the glomeruli of the juxtamedullary nephrons are lower down in the cortex than the
superficial nephrons these segments do not have to be as long for the nephron to pass the
glomerulus in the macula densa. Hence, these segments are modeled with a shorter length.

The connecting tubules of the five juxtamedullary nephrons and the superficial nephron
coalesce into the cortical collecting duct. To model this, we compute the flows from the six
nephrons at the start of the collecting duct. The remaining model is the collecting duct
which does not have distinct nephron segments.

5.2.2 Pregnancy-specific models

We created pregnancy-specific models to simulate kidney function in MP and LP by using
the NP (female-specific) multiple nephron epithelial transport model developed in Ref. [60]
(discussed in Chapter 3; Section 3.3) and increasing or decreasing relevant NP model
parameter values based on experimental findings in the literature. The specific MP-to-NP
and LP-to-NP parameter value ratios are listed in Table 5.1.

During pregnancy, there is a significant increase in GFR compared to the NP values
[13,20–22,29,45,53,129]. Specifically, in rats, the GFR increase is by about 30% in MP and
drops in LP to about 20% above pre-gestational (NP) GFR [20,22,53,129]. The GFR is the
total filtration by a kidney, hence is a total combination of the SNGFR of the superficial
and juxtamedullary nephrons (denoted by SNGFRsup and SNGFRjux, respectively) so that

GFR = nsupSNGFRsup + njuxSNGFRjux (5.1)

where nsup and njux denote the total number of superficial and juxtamedullary nephrons
in a rat kidney (i.e., nsup = 2/3× 36, 000 and njux = 1/3× 36, 000).

In our pregnancy-specific superficial nephron models (see Ref. [109]; Chapter 4), SNGFRsup

was increased by 30% in MP and 20% in LP based on Ref. [20]. Note that by using (5.1)
we can note that to have a 30% and 20% increase in the MP and LP GFR, respectively,
that SNGFRjux must be increased by 30% and 20% in the MP and LP models, respectively
(see Table 5.1). We note that it has been shown that increased GFR in pregnancy has
been attributed to increased renal blood flow [22], so then a similar increase in filtration in
both the superficial and juxtamedullary nephrons would be supported by this hypothesis.

70



We changed parameters in the same way as the pregnancy-specific superficial nephron
models developed by Stadt & Layton [109] (Chapter 4. See Table 5.1 for the full list of MP
and LP model changes from NP. It is assumed that the activity levels of the transporters in
the superficial nephrons are changed in the same way as in the juxtamedullary nephrons.

Table 5.1: MP-to-NP and LP-to-NP ratios of parameter values used in the MP and
LP models, respectively. NP parameter values were used from [60] and changed by
the respective ratio for the MP and LP models. Parameter values for the MP and LP
models were chosen based on experimental literature and are discussed in the Mate-
rials and Methods section. PCT, proximal convoluted tubule; S3, proximal straight
tubule; LDL, thin descending limb; LAL, thin ascending limb; mTAL, medulalry thick
ascending limb; cTAL, cortical thick ascending limb; DCT, distal convoluted tubule;
CNT, connecting tubule; CCD, cortical collecting duct; OMCD, outer medullary col-
lecting duct; IMCD inner medullary collecting duct; Pf , water permeability; PK , K

+

permeability; NHE3, Na+/H+ exchanger isoform 3; ENaC, epithelial Na+ channel;
NKCC2, Na+-K+-2Cl– cotransporter 2; NaPi2, Na+-H2PO

–
4 cotransporter 2; NCC,

Na+-Cl– cotransporter; KCC, K+-Cl– cotransporter; PT, proximal tubule. Distal
segments refer to all segments other than the PT and S3 segments (i.e., after the
proximal tubule). Ratios are from the respective MP or LP model to the NP model
parameter value. The same ratios are used for both the superficial and juxtamedullary
nephrons. Pf : water permeability; PK : K

+ permeability; NHE3: Na+/H+ exchanger
isoform 3; ENaC: epithelial Na+ channel; NKCC2: Na+-K+-2Cl– cotransporter iso-
form 2; NaPi2: Na+-H2PO

–
4 cotransporter; NCC: Na+-Cl– cotransporter; NHE-1:

Na+/H+ exchanger isoform 1; KCC: K+-Cl– cotransporter

Parameter Ratio
MP-to-NP LP-to-NP

PCT
NHE3 activity 1.40 1.20
Na+-K+-ATPase activity 0.75 0.65
Pf (transcellular) 1.00 1.00
K+-Cl− cotransporter 1.35 1.30
NaPi2 0.90 0.85
S3
NHE3 activity 1.40 1.20
Na+-K+-ATPase activity 0.73 0.65
Pf (transcellular) 1.00 1.00
K+-Cl− cotransporter 1.35 1.3
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Table 5.1: MP-to-NP and LP-to-NP ratios of parameter values used in the MP and
LP models, respectively.

Parameter Ratio
MP-to-NP LP-to-NP

NaPi2 0.90 0.85
SDL
Pf (transcellular) 1.10 1.50
LDL
Pf (transcellular) 1.10 1.50
LAL

mTAL
NKCC2 activity 1.15 1.50
NHE3 activity 1.20 1.18
KCC4 activity 1.40 1.30
Na+-K+-ATPase activity 1.15 1.00
cTAL
NKCC2 activity 1.15 1.50
Na+/H+ exchanger activity 1.20 1.18
KCC activity 1.35 1.30
Na+-K+-ATPase activity 0.73 0.65
DCT
PK (apical side, DCT2 only, ROMK) 0.65 0.55
Na+-K+-ATPase activity 0.75 0.74
NHE2 activity 1.20 1.18
KCC activity 1.40 1.30
NCC activity 1.00 0.45
ENaC activity 2.08 2.15
CNT
PK (apical side, ROMK) 0.65 0.55
Na+-K+-ATPase activity 0.75 0.75
H+-K+-ATPase activity 2.5 2.75
H+-ATPase activity 1.00 1.00
Pendrin activity 1.65 1.70
ENaC activity 2.08 2.15
CCD
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Table 5.1: MP-to-NP and LP-to-NP ratios of parameter values used in the MP and
LP models, respectively.

Parameter Ratio
MP-to-NP LP-to-NP

Pf (transcellular, AQP2) 1.40 1.40
PK (apical, BK) 0.75 0.75
Na+-K+-ATPase activity 0.80 0.75
H+-ATPase activity 1.00 1.00
H+-K+-ATPase activity 2.25 2.75
ENaC activity 1.85 2.15
Pendrin activity 1.65 1.70
OMCD
Pf (transcellular, AQP2) 1.40 1.4
PK (apical, BK) 0.88 0.85
Na+-K+-ATPase activity 1.20 1.08
H+-ATPase activity 1.00 1.00
H+-K+-ATPase activity 2.25 2.75
ENaC activity 2.08 2.15
Na+-Cl− cotransporter 1.15 1.00
NHE1 activity 0.90 0.90
IMCD
Pf (trancellular, AQP2) 1.80 1.80
NKCC1 activity 1.00 1.00
Na+-K+-ATPase activity 1.20 1.08
K+-Cl− cotransporter 1.40 1.30
Na+-Cl− cotransporter 1.15 1.00
H+-K+-ATPase activity 2.25 2.75
Morphology
PCT, S3
Length 1.15 1.17
Diameter 1.07 1.07
Distal segments
Length 1.00 1.00
Diameter 1.05 1.05
Hemodynamics
SNGFR 1.30 1.20

73



Table 5.1: MP-to-NP and LP-to-NP ratios of parameter values used in the MP and
LP models, respectively.

Parameter Ratio
MP-to-NP LP-to-NP

Plasma concentration
Plasma Na+ concentrations 0.95 0.95
Plasma K+ concentrations 1.0 1.15
Plasma Cl− concentrations 0.95 0.95

5.2.3 Simulating hypertension in females and pregnancy

To study the impact of hypertension in a NP female as well as during pregnancy, we de-
veloped models that captured renal changes during hypertension in an approach similar to
Edwards and McDonough [41]. We note that during pregnancy there are multiple types
of hypertensive disorders of pregnancy. In this study, we simulate what happens when a
female rat that is hypertensive (pre-gestation) gets pregnant. Therefore, we simulate the
hypertensive mid-pregnant rat as the hypertensive NP rat model with the mid-pregnancy
changes in order to test what may happen if a female rat with hypertension became preg-
nant. We note that this is different than gestational hypertension which is hypertension
that occurs after the start of pregnancy.

The parameter changes made to simulate hypertension were based largely on the hy-
pertensive NP (female) rat study by Veiras et al. [113], which investigated the effect of
hypertension on female and male rats. Additionally, we make parameter changes using the
results from Abreu et al. [4], who investigated the effects of hypertensive non-pregnancy
and hypertensive mid-pregnancy on renal Na+ and aquaporin (AQP) transporters. The
exact parameter changes made are listed in Table 5.2 and are described here.
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Table 5.2: Parameter changes made in the hypertensive non-pregnant and hyperten-
sive mid-pregnant models given as ratios from the hypertensive (HT) model parameter
to the normotensive (NT) model parameter. Parameter change ratios for hypertension
are the same in both the hypertensive non-pregnant and hypertensive mid-pregnant
models. Abbreviations are the same as listed in Table 5.1.

Parameter Ratio: HT-to-NT
PCT
NHE3 activity 0.82
NaPi2 0.85
Na+-K+-ATPase activity 1.00
S3
NHE3 activity 0.82
NaPi2 0.85
Na+-K+-ATPase activity 1.00
mTAL
NKCC2 activity 0.70
NHE3 activity 0.82
Na+-K+-ATPase activity 0.70
cTAL
NKCC2 activity 1.74
NHE3 activity 1.00
Na+-K+-ATPase activity 1.00
DCT
PK (apical side, DCT2 only, ROMK) 0.30
Na+-K+-ATPase activity 1.00
NCC activity 1.95
ENaC activity 1.45
CNT
PK (apical side, ROMK) 0.30
Na+-K+-ATPase activity 1.00
ENaC activity 1.45
CCD
Pf (transcellular, AQP2) 1.30
Na+-K+-ATPase activity 1.00
ENaC activity 1.45
OMCD
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Table 5.2: Hypertensive to normotensive ratios of parameter values used in the hy-
pertensive models.

Parameter Ratio: HT-to-NT
Pf (transcellular, AQP2) 1.30
Na+-K+-ATPase activity 1.00
ENaC activity 1.45
IMCD
Pf (trancellular, AQP2) 1.30
Na+-K+-ATPase activity 1.00
ENaC activity 1.45
Hemodynamics
SNGFR 1.00

Proximal segment changes

The fluid inflow at the start of the proximal tubule is assumed to be the same as the
normotensive NP and MP models in the hypertensive NP (NP-HTN) and hypertensive
MP (MP-HTN) models in the same way as Edwards and McDonough [41].

Located on the basolateral side of every cell type in every segment along the nephron,
the Na+-K+-ATPase pump is a key driver of Na+ transport. Na+-K+-ATPase abundance
has been shown to be decreased in the medullary thick ascending limb during hypertension
[97, 113]. Na+-K+-ATPase abundance in the proximal and distal tubules, as well as the
cortical part of the ascending limb was largely unchanged [97, 113]. To incorporate this
into the model, we decreased Na+-K+-ATPase activity in the medullary thick ascending
limb and left the activity unchanged in the other segments in the hypertensive models (see
Table 5.2).

The Na+/H+ exchanger isoform 3 (NHE3) is located along the apical side of the epithe-
lial cells in the proximal tuble and thick ascending limb. This transporter plays a major
role in Na+ reabsorption along these early segments of the nephrons. During hyperten-
sion, there is blunted pressure-natriuresis which often is attributed to lower NHE3 activity.
Abreu et al. [4] showed that in MP rats, there was decreased expression of NHE3. Veiras
et al. [113] found that along the proximal tubule and the medullary thick ascending limb,
NHE3 activity in hypertensive rats was decreased from normotensive NHE3 activity. We
chose a value slightly higher for the NP (female) rats from the parameter change chosen in
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Edwards and McDonouugh [41] since hypertensive females seemed to have slightly higher
relative NHE3 activity than hypertensive males [113]. In the cortical segment of the thick
ascending limb, it has been shown that the NHE3 activity is largely unchanged in a hyper-
tensive rat, hence we did not change the NHE3 activity in that segment in the hypertensive
models [97]. See Table 5.2 for exact changes made in the NP-HTN and MP-HTN models.

The Na+/Pi cotransporter 2 (NaPi2) is in the proximal tubule. Veiras et al. [113] found
in hypertensive rats that NaPi2 expression was decreased compared to normotensive rats.
As such, we decreased NaPi2 activity in the hypertensive models (Table 5.2).

The Na+-K+-2Cl– cotransporter (NKCC2) is located on the apical membrane along the
thick ascending limb. During hypertesnion, NKCC2 activity is different in the medullary
and cortical segments [41,97,113]. Specifically, in the cortex, NKCC2 activity is increased,
while in the medulla, NKCC2 is significantly decreased [41, 97, 113]. We altered NKCC2
activity in the hypertensive models accordingly (Table 5.2).

Distal segment changes

The Na+-Cl– cotransporter (NCC) is located along the first part of the distal convoluted
tubule. During hypertension, NCC abundance and phosphorylation has been found to
increase significantly [41,97,113]. Parameter changes in NCC activity in the hypertensive
models is listed in Table 5.2.

Abreu et al. [4] found a major decrease in the expression of the renal outer medullary
K+ channel (ROMK) during hypertension for both NP and MP. To capture this, we sig-
nificantly decreased K+ permeability in the late distal convoluted tubule (DCT2) and
connecting tubule (see Table 5.2).

The epithelial Na+ channel (ENaC) is one of the major Na+ channels in the distal
segments. The ENaC plays an important role in fine-tuning the remaining Na+ in the
nephron in the distal segments before what is left is excreted through urine. During
hypertension, ENaC activity is increased [41, 97, 113]. Since the female ENaC relative
increase appears to be slightly higher than males as shown by Veiras et al. [113], we chose
to increase the ENaC activity more than done in the previous hypertensive male model by
Edwards & McDonough [41]. The hypertensive modell parameter change is given in Table
5.2.

Abreu et al. [4] showed major changes in aquaporin 2 (AQP2) expression in the col-
lecting duct. Specifically, in the hypertensive NP results, the AQP2 expression increased
from normotensive NP levels. We changed the water permeability in the collecting duct
segments based on this result (see Table 5.2).
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We chose to only simulate hypertension in the MP model because no study to date has
studied transporter function during hypertension in LP.

5.3 Results

Differences in segmental transporter during mid- and late pregnancy

Solute and fluid reabsorption along specific nephron segments depend on activity of mem-
brane transporters, permeability of the apical and basolateral membrane, as well as tubular
morphology. There are many changes in almost all nephron segments during pregnancy.
To investigate this, we developed baseline models to represent kidney function in a NP,
MP, and LP rat. The models are based on our previous work (see Ref. [109]; Chapter 4)
and are described in Section 5.2. Delivery of key solutes (Na+, K+, Cl– , NH +

4 , HCO –
3 )

and fluid volume to each segment is shown in Fig. 5.2 and transport predictions for each
segment given in Fig. 5.3.

There are two classes of nephrons captured in the models: superficial and juxtamedullary.
Note that, the single nephron glomerular filtration rate (SNGFR) for juxtamedullary
nephrons is higher than the superficial nephron SNGFR. However, the ratio of the num-
ber of superficial nephrons to juxtamedullary nephrons is 2:1 so juxtamedullary nephrons
have a smaller contribution to total filtration when compared to the superficial nephrons
(Fig. 5.2).

In the NP model, the superficial SNGFR is 24 nL/min and the juxtamedullary SNGFR
is 33.6 nL/min. A similar ratio between juxtamedullary and superficial SNGFR parameter
values is assumed to hold for the MP and LP models (i.e., juxtamedullary SNGFR to
superficial SNGFR is about 1.4). The superficial and juxtamedullary SNGFR is assumed
to be 30% higher in the MP model, when compared to the respective NP model values
(Table 5.1). In the LP model, the superficial and juxtamedullary nephron SNGFR is 20%
higher compared to the respective NP models values (Table 5.1). For both the MP and LP
models, this yields a proportional increase in total fluid and solute delivery at the start of
the proximal tubule in the MP and LP model predictions (see Fig. 5.2).

Model predictions indicated that Na+ and Cl– reabsorption in the proximal tubule of
the MP and LP models is significantly larger than in NP (Fig. 5.2A; Fig. 5.2C). Specifically,
MP and LP models predicted a 27% and 16% increase in net Na+ reabsorption along the
proximal tubule when compared to NP. However, note that due to the large increase in
filtration in MP and LP, fractional reabsorption of Na+ is about 60% for each of the NP,
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Figure 5.2: Delivery of key solutes (A-E ) of fluid volume (F ) to the beginning of indi-
vidual nephron segments in the non-pregnant (NP), mid-pregnant (MP), and late preg-
nant (LP) rat models. The colored bars denote the superficial nephron values, and the
white bars denote the weighted totals of the juxtamedullary nephrons (five representative
model nephrons). Note that since the model assumes the the superficial-to-juxtamedullary
nephron ratio is 2:1, the superficial delivery values are generally higher. Additionally, the
juxtemedullary and superficial nephrons merge at the collecting duct so that the urine out-
put value is combined. PT, proximal tubule, DL, descending limb; mTAL, medullary thick
ascending limb; DCT, distal convoluted tubule; CNT, connecting tubule; CCD, cortical
collecting duct. Insets: reproduction of distal segment values.
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Figure 5.3: Net segmental transport of key solutes (A-E ) and volume (F ) along the indi-
vidual nephron segments in the NP, MP, and LP models. Transport is positive out of the
nephron segment, i.e., positive transport indicates net reabsorption and negative indicates
net secretion along that segment. Colored bars denote the superficial nephron values and
white bars denote juxtamedullary values computed as a weighted sum of the five repre-
sentative juxtamedullary nephrons. PT, proximal tubule, DL, descending limb; LAL, thin
ascending limb; mTAL, medullary thick ascending limb; DCT, distal convoluted tubule;
CNT, connecting tubule; CD, collecting duct. Insets: reproduction of distal segment val-
ues.
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MP, and LP models along the proximal tubule. Analogous results are obtained for Cl–

and fluid volume along the proximal tubule (see Fig. 5.2). Downstream of the proximal
tubule, the thick ascending limb reabsorbs much of the remaining Na+ and Cl– . In the MP
model, Na+ delivery to the thick ascending limb is 16% higher than NP values (Fig. 5.2A).
Reabsorption along the thick ascending limb increased by about 16% in MP (Fig. 5.3A).
Analogous results are obtained for Cl– . In the end, urinary Na+ excretion for both MP and
LP is about 16% higher than NP values and urinary Cl– excretion is increased by 4% and
6% in the MP and LP models, respectively. The increase in natriuresis and Cl– excretion
in the pregnancy models versus the NP model are within reported ranges [14,125].

Fluid volume reabsorption follows in a similar way to Na+ reabsorption. In the proximal
tubule, the increased tubular transport area from the increased length and diameter of
the tubule, as well as increased Na+ reabsorption, increase water reabsorption along the
proximal tubule by 34% and 24% in the MP and LP models, respectively, when compared to
NP values (Fig. 5.3F). In the segments after the macula densa and the collecting duct, water
reabsorption is also increased by 22% and 12% in the MP and LP models, respectively when
compared to NP values (Fig. 5.3F). This is likely driven by increased AQP2 expression,
increased nephron diameter and length, as well as increased fluid volume delivery to these
segments.

Along the proximal tubule, about 58% of the filtered K+ is reabsorbed in the NP model.
During LP, the fractional reabosrption of K+ in the proximal tubule increases to about 63%
(Fig. 5.3B). This is due to the massive increase in delivery of K+ from increased plasma
[K+] and total filtered load at the beginning of the proximal tubule with increased K+

transport capacity (Fig. 5.2B). Distal segment K+ secretion along the distal convoluted
tubule and connecting tubules is decreased by about 8% in the MP and LP models from
NP values despite known kaliuretic factors such as increased Na+ delivery (Fig. 5.3B). This
is due to the decreased K+ channel permeability in these segments (see Table 5.1). In all,
K+ urinary excretion is predicted to be about 2.4, 3.0, and 2.9 mmol/day in the NP, MP,
and LP models, respectively. The increase in kaliuresis from NP values in the MP and LP
models is within reported ranges [14,127].

In summary, similar to our previously developed superficial nephron model (see Ref.
[109]), the pregnancy-induced adaptations captured in the multiple nephron MP and LP
models yield functional changes that predict sufficient reabsorption of the enhanced filtered
loac induced by increased GFR during normal pregnancy.
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Impact of key pregnancy-induced renal adaptations in LP

In our previous study we investigated the functional implications of pregnancy-induced
hemodynamic, morphological, and transporter renal adaptations on a superficial nephron
[109]. We predicted which adaptations may have the largest impact on Na+ and K+ re-
absorption in pregnancy. The adaptations in the proximal segment that had the largest
impact on Na+ and K+ urinary excretion was PT length, Na+/H+ exchanger isoform 3
(NHE3) activity, and Na+-K+-ATPase activity. In the distal segments, epithelial Na+ chan-
nel activity, H+-K+-ATPase activity, and K+ channel permeability had the most significant
impact on Na+ and K+ reabsorption. Here we use the full-kidney pregnancy-specific com-
putational models to predict how some of the major changes may affect renal function
during LP. To do this we considered the renal adaptations that were indicated to have
a major impact on nephron transport and conducted simulations of LP kidney function
without such adaptation (i.e., respective parameter value at the NP model value). Trans-
port of Na+ and K+ for adaptations that effect the proximal segments of the nephron (i.e.,
proximal tubule length, NHE3 activity, and Na+-K+-ATPase activity) are given in Fig. 5.4.

Most reabsorption in the kidneys occurs in the proximal segments, which include the
proximal tubule and the loop of Henle. During LP, the proximal tubule length is increased
by about 17% from the baseline NP length (Table 5.1; Refs. [15, 53,109]), which increases
transport capacity along the proximal tubule of the nephrons. Without this change, we
predict that the PT reabsorbs 11% less Na+ than the baseline LP model (Fig. 5.4A). While
the TAL and distal segments increase reabsorption, it is not enough to make up for the
loss of proximal tubule Na+ reabsorption, resulting in an increase of about 77% in urine
excretion of Na+ (Fig. 5.4A). Similarly, without the PT length increase, K+ reabsorption is
signficantly decreased in the PT segment, ultimately resulting in a 46% increase in urinary
K+ excretion.

NHE3 is a major driver of Na+ reabsorption in the proximal tubule. In our previous
study ( [109]; Chapter 4), we predicted that NHE3 activity was likely increased during
pregnancy to prevent excessive natriuresis and kaliuresis. For LP, we assume about a 20%
increase in activity (Table 5.1). Decreasing NHE3 activity to the NP values results in a
2% decrease in PT reabsorption. This change is not made up for in the late segments and
results in a 17% increase in urinary Na+ excretion. Additionally, since K+ and Na+ reab-
sorption is mutually dependent due to the electrochemical gradient and exchange through
the Na+-K+-ATPase pump, this change in NHE3 activity alters K+ handling. K+ secretion
along the CNT is increased by about 62%. In the end, urinary K+ excretion is predicted
to increase by 8%.

The effect of pregnancy on Na+-K+-ATPase activity in the kidneys is region-specific
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[63]. Specifically, Mahaney et al. [63] found that in LP, cortical Na+-K+-ATPase activity is
decreased from NP values, while medullary Na+-K+-ATPase activity is largely unchanged
( [63]; Table 5.1). Setting the Na+-K+-ATPase activity in each segment to the NP value
resulted in a 16% decrease in urinary excretion of Na+ and a 5% decrease in K+ excretion
(see Fig. 5.4).

The distal segments account for much of the fine tuning of fluid concentration in the
kidney nephrons before excreting what is remaining inside the nephron. In our analysis
of a superficial nephron, we predicted that key distal segment adaptations seem to play a
significant role in gestational nephron function [109]. The epithelial Na+ channel (ENaC)
has been found to be increased in abundance during pregnancy [125,127], likely contribut-
ing to increased ENaC activity. Additionally, key K+ transporters are altered, namely the
activity of key distal segment K+ channels, the renal outer medullary K+ channel (ROMK)
and big K+ channel (BK), are significantly decreased [131]. (Note that this is represented
by PK in Table 1.) These channels are secretory in that they secrete K+ along the distal
segments. Additionally, the H+-K+-ATPase transporter has been found to have signifi-
cantly increased activity [105, 131]. We conducted simulations of the LP model without
such changes and present the results for Na+ and K+ transport as well as urinary excretion
in Fig. 5.5.

The ENaC plays a key role in reabsorbing Na+ along the late distal convoluted tubule,
connecting tubule, and collecting duct. Without a large increase in ENaC activity in
the LP model, Na+ reabsorption in the distal convoluted tubule and connecting tubule
decreased by 13%. This yielded a 22% increase in urinary Na+ excretion (Fig. 5.5A).
Notably, increased ENaC activity is a known kaliuretic factor. Without a pregnancy-
induced increase in ENaC activity, we predict a 15% decrease in urinary K+ excretion
(Fig. 5.5B).

K+ secretory channels are significantly decreased during LP. Without this change, in the
LP model, K+ secretion along the DCT increased by 26%. CNT K+ secretion does decrease
to make up for this extra K+ loss, but excess kaliuresis does occur with an increase in K+

excretion by about 8%. The other K+ transporter altered during LP is H+-K+-ATPase
activity, which is significantly increased (Table 5.1). Without this change, both the CNT
and CD K+ secretion more than doubles (Fig. 5.5B). This results in urinary K+ increase
by 19%.

In summary, our model predictions indicated that the proximal tubule lengthening
during pregnancy has the largest impact on urinary Na+ and K+ excretion. This major
morphological change along with altered transporter activity is essential for preventing
excess natriuresis and kaliuresis during pregnancy.

83



Figure 5.4: Impact of key pregnancy-induced proximal segment renal adaptations on net
segmental transport and urine excretion of Na+ (A) and K+ (B) along individual nephron
segments in the baseline LP model and LP model with one pregnancy-induced change as
labeled: NHE3 activity, PT length, and Na+-K+-ATPase activity. Transport orientation
and abbreviations for the PT, DL, LAL, TAL, DCT, CNT, and CD are the same as in
Fig. 5.3. Delivery of urine is the same convention as in Fig. 5.2. NHE3, Na+-H+ exchanger
isoform 3; NKATPase, Na+-K+-ATPase.

84



Figure 5.5: Impact of key pregnancy-induced proximal segment renal adaptations on net
segmental transport and urine excretion of Na+ (A) and K+ (B) along individual nephron
segments in the baseline LP model and LP model with one pregnancy-induced change:
ENaC activity, PK , and H+-K+ATPase activity. Transport orientation and abbreviations
for the DCT, CNT, and CD are the same as in Fig. 5.3. Delivery of urine is the same
convention as in Fig. 5.2. Only the distal segment results are shown because these changes
only affect distal segments. HKATPase, H+-K+-ATPase; ENaC, epithelial Na+ channel;
PK , permeability of K+.
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Hypertension: effect on NP and MP kidney function

We developed hypertensive NP and MP models using changes listed in Table 5.2 and as
described in Section 5.2. We denote the hypertensive NP model by NP-HTN and the
hypertensive MP model by MP-HTN. Delivery of Na+, K+, and fluid volume to each
segment for the baseline NP, NP-HTN, baseline MP, and MP-HTN models are shown in
Fig. 5.6. Net segmental transport predictions for each of the normotensive and hypertensive
NP and MP models is in Fig. 5.7.

Na+ transport. Na+ handling in the proximal segments of the NP-HTN and MP-HTN
models are predicted to have similar changes when compared to the respective normoten-
sive NP and MP models. Specifically, due to pressure natriuresis, proximal tubule Na+

reabsorption is decreased by about 4% in the NP-HTN and MP-HTN models from the
respective normotensive model predictions (Fig. 5.7A).

Region-specific changes in the Na+-K+-2Cl– cotransporter (NKCC2), NHE3, and Na+-
K+-ATase activity (Table 5.2) lead to altered effects on transport in the medullary and
cortical segments of the thick ascending limb. In the medullary thick ascending limb
(mTAL), parameter values for NKCC2, NHE3, and Na+-K+-ATPase activity are decreased
from normotensive values in both the hypertensive models (Table 5.2). This decrease in
Na+ transporter activity results in decreased in Na+ reabsorption along the mTAL by
12% in the NP-HTN model and 8% in the MP-HTN model relative to the respective
normotensive models (Fig. 5.7A). Along the cortical thick ascending limb (cTAL), NKCC2
activity is increased from normotensive values in the hyertensive models, while NHE3 and
Na+-K+-ATPase activity is unchanged from normotensive values (Table 5.2). This results
in a bout a 27% increase in Na+ reabsorption along this segment in both the hypertensive
models, when compared to the normotensive NP and MP model predictions (Fig. 5.7A).
The increased NKCC2 activity as well as increased Na+ load to the cTAL from the reduced
Na+ reabsorption in previous segments contributes to this increase.

Along the distal convoluted tubule and connecting tubule there is a signficant increase
in Na+-Cl– cotransporter (NCC) and epithelial Na+ channel activity in the hypertensive
models when compared to the respective normotensive models (Table 5.2). In the NP-HTN
model, the Na+ reabsorption along these segments is 69% greater than the normotensive
NP model prediction. The MP-HTN model has an increase of 42% in Na+ reabsorption
along these segments when compared to the normotensive MP model prediction.

Together, Na+ transport in the hypertensive models is decreased in the proximal seg-
ments which then requires the distal segments to increase Na+ transport via increased Na+

transporter abundance. Similar changes in Na+ transport is found in both the NP-HTN
and MP-HTN models.
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Figure 5.6: Delivery of key solutes (A-E) and fluid volume (F) in the normotensive and
hypertensive non-pregnant (NP) and mid-pregnant (MP) models. The colored bars de-
note the superficial nephron values, and the white bars denote the weighted totals of the
juxtamedullary nephrons (five representative model nephrons). PT, proximal tubule; DL,
descending limb; LAL, thin ascending limb; mTAL, medullary thick ascending limb; cTAL,
cortical thick ascending limb; DCT, distal convoluted tubule; CNT, connecting tubule;
CCD, cortical collecting duct. Insets: reproduction of distal segment values.
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Figure 5.7: Net segmental transport of key solutes (A-E) and volume (F) along the in-
dividual nephron segments in the normotensive and hypertensive non-pregnant (NP) and
mid-pregnant (MP) models. Transport is positive out of the nephron segment, i.e., positive
transport shows net reabsorption and negative transport shows net secretion along that
segment. Colored bars denote the superficial nephron values and white bars denote jux-
tamedullary values computed as a weighted sum of the five representative juxtamedullary
nephrons. Segment labels as listed in Fig. 5.6. Insets: reproduction of distal segment
values. 88



K+ transport. Along the proximal tubule, about 60% of the filtered K+ load is reab-
sorbed in the NP and MP baseline models. The NP-HTN and MP-HTN models predict a
5% and 3% decrease in proximal tubule K+ reabsorption when compared to the respective
normotensive models (Fig. 5.7B). Since K+ reabsorption is related to Na+ reabsorption,
this is likely driven by the decreased Na+ reabsorption due to decreased NHE3 and NaPi2
activity in the hypertensive models (see Table 5.2).

The reduced proximal tubule K+ reabsorption leads to a 7% increase in K+ delivery to
the thick ascending limb in the NP-HTN model when compared to the baseline NP model
(Fig. 5.6B). MP-HTN model K+ delivery to the thick ascending limb is 5% higher than
the baseline MP model prediction (Fig. 5.6B). Along the mTAL, K+ transport is increased
by about 15% in the hypertensive models compared to the respective normotensive models
(Fig. 5.7B). This increased transport in the mTAL results in decreased cTAL K+ delivery
in the hypertensive models compared to the respective normotensive models for both the
NP-HTN and MP-HTN models.

Major K+ secretion occurs along the distal convoluted tubule and connecting tubule.
During hypertension, the expression of K+ secretory channel ROMK is significantly de-
creased (Table 5.2). In the late distal convoluted tubule, the reduced K+ secretion from
the ROMK leads to 8% and 25% lower K+ secretion in the distal convoluted tubule for the
NP-HTN and MP-HTN models, respectively when compared to the normotensive NP and
MP models. This is where the NP-HTN and MP-HTN models seem to differ. Connecting
tubule K+ secretion is increased in the NP-HTN model when compared to NP so that in
total the K+ secretion along the distal convoluted tubule and connecting tubule is 45%
higher than NP distal tubule K+ secretion. This increase is likely driven by the effect of
increased Na+ flow in the CNT and increased ENaC activity (a known kaliuretic factor).
The increased Na+ in the CNT creates a favorable electrical otential gradient which in turn
increases K+ secretion. K+ secretion in the MP-HTN model along the DCT and CNT is
predicted to be about the same as MP distal tubule K+ secretion. This is likely due to
the already significantly decreased ROMK channel permeability in the normotensive MP
model (Table 5.1).

In summary, altered Na+ transort effects the early K+ reabsorption which leads to
higher flow to the distal segments. Later K+ secretory channels are reduced to lower K+

secretion despite high Na+ flow and kaliuretic factors such as increased ENaC activity.

Volume transport. Fluid volume follows in a similar way with Na+ transport due to
the dependence on the osmolality gradient. Along the proximal tubule, about 68% of the
volume load is reabsorbed in the NP model. In NP-HTN, net fluid volume reabsorption
decreased by 3% resulting in a fractional volume reabsorption of 65%. Along the MP
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proximal tubule, 70% of the volume load is reabsorbed. Like NP-HTN, the MP-HTN model
also decreases net fluid reabsorption by about 3% resulting in a fractional reabsorption of
68%. The lower fluid volume reabsorption results in increased volume delivery to each of
the segments along the nephron. This is essentially the same for NP-HTN and MP-HTN
when compared to the respective normotensive NP and MP models.

5.4 Discussion

What are the physiological implications of the renal adaptations that occur during preg-
nancy? How does altered expression and activity of renal transporter impact kidney
function in a female with hypertension? How does pregnancy alter transport along the
nephrons during pregnancy in a hypertensive female rat? To try to answer these ques-
tions, we developed computational models of full kidney function including the superficial
and juxtamedullary nephrons during mid- and late pregnancy. Additionally, we developed
a female-specific hypertension model as well as a model that captures proposed kidney
function during mid-pregnancy for a rat with chronic hypertension. We did not model
late pregnant hypertension since there have not been any studies to date that investigated
nephron function in late pregnant hypertensive rats.

Kidney function during pregnancy

The kidneys play a key role in maintaining body homeostasis, especially for Na+, K+, and
volume. Pregnancy is unique in that plasma volume expansion and electrolyte retention is
required to sufficiently supply the rapidly developing fetus and placenta. Without this, it
is likely that fetal growth restriction will occur [21, 23, 26, 31, 50, 84, 104, 129]. Gestational
disorders such as gestational hypertension and preeclampsia are also associated with low
plasma volume expansion [26,50,104,129]. Indeed, renal adaptations must occur to be able
to support such a significant change in the maternal body.

Pregnancy-induced renal adaptations are both complex and dynamic. Starting from
early pregnancy, filtration to the nephrons is massively increased due to increased plasma
flow [19, 21, 22]. This requires major adaptations in the nephron segments to reabsorb
this increased load [35, 109]. The proximal tubule is the first segment of the nephron and
reabsorbs a majority of the filtered load. During pregnancy, the tubule length is increased
which leads to more transport capacity [15,49,109]. Without this change, excess natriuresis
and kaliuresis will likely occur (Fig. 5.4), due to the inadequate Na+ reabsorption by the
proximal tubule. The Na+ reabsorption in the TAL and distal segments does increase, but
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even with that compensation, Na+ excretion is massively increased. This result is similar
to our previous study where we studied the effect of individual pregnancy-induced adapta-
tions on urinary excretion of a single superficial nephron [109]. Similarly, we hypothesize
that NHE3 activity increases during pregnancy [109]. This has not been reported exper-
imentally, but our simulation results indicate that some increase in NHE3 activity must
occur to reabsorb the excess filtered Na+ load to the nephrons (see Fig. 5.4). Without
NHE3 upregulation, proximal tubule Na+ reabsorption is insufficient, resulting in excess
natriuresis.

Distal segment transporters also seem to play a key role in maintaining sufficient Na+

retention during pregnancy [109, 125, 127, 130, 131]. West et al. [127] showed that with
chronic ENaC blockade, pregnant rats were unable to sustain sufficient Na+ and water
retention and were poor reproducers (i.e., pup weight was significantly lower than control).
This result together with modeling simulations presented here and in our previous study
(see Ref. [109]) emphasize the importance of this transporter in pregnancy.

Several kaliuretic factors act on the kidneys of a pregnant female: elevated aldosterone
levels [48], decreased NCC activity [128], and increased ENaC activity [125,127]. However,
through pregnancy the maternal body is able to maintain K+ homeostasis and even retain
K+ in late pregnancy [35, 131]. It has been found that the K+ secretory channels in the
distal segments, which in a NP rat vigorously secrete K+, are downregulated. In addition,
the K+ transporter, H+-K+-ATPase has been shown to be significantly upregulated during
pregnancy [105,131]. Together these transport changes prevent excess K+ loss.

Female rats, pregnant or not, express more Na+ transporters along the distal nephron
segments compared to males [59, 60, 112]. While the proximal tubules transport the bulk
of the volume and electrolytes, the distal segments are responsible for “fine-tuning” tubule
transport, to yield the target urinary excretion. Placing a larger transport load on the distal
segments enables the females to adapt to the changing electrolyte and volume homeostasis
more easily in pregnancy and lactation. In pregnancy, GFR and filtered Na+ load is
increase as is their respective transport; these two competing factors yield urinary excretion
that approximately, but only approximately, equals intake. Overall, there is a net whole-
body Na+ retention, and in late pregnancy, net K+ retention; nevertheless, plasma Na+

concentration decreases. Given the large amount of fluid and solutes handled by the
kidneys, minute adjustments in transport are sufficient to yield the almost imperceptible
difference in intake and urinary excretion, to attain net volume and electrolyte retention
seen in pregnancy. That kind of fine-tuning can best be achieved via signalling to the distal
segments.

As previously noted, the marked increase in renal hemodynamics is remarkable. Studies
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have suggested roles for nitric oxide syntase, prostaglandins, endothelin, and relaxin. This
area of research is exciting, as unraveling why glomerular filtration rate and renal plasma
flow increase in pregnancy may eventually benefit patients with acute and chronic renal
function loss.

Hypertension in females and pregnancy

Hypertension is a highly complex disease with many underlying pathophysiological mech-
anisms, some of which remain to be fully understood. Hypertension affects over 30% of
the global adult population and is the leading cause of cardiovascular disease [92]. It is
likely that the prevalence of hypertension will continue to rise due to ageing populations,
increases in the exposure to high Na+ and low K+ diets, and a lack of physical activ-
ity [92]. It has been estimated that about 10% of women of reproductive age have chronic
hypertension [18].

Motivated by the kidney’s role in maintaining blood pressure through control of Na+

balance and the pressure natriuresis mechanism [40], we developed a female-specific model
of kidney function in angiotensin II-induced hypertension. The model was formulated
based on experimental results that studied the effect of hypertension on kidney function in
female rats [4,113]. Significant sexual dimorphisms have been reported in nephron function
[78, 112]. Specifically, when compared to males in female rat nephrons, the fractional
reabsorption of Na+ in the proximal tubule is lower so that a larger proportion of Na+

reabosorption is handled by the distal segments [59,83,112]. Veiras et al. [113] found that
in hypertension, male and female rats have similar proportional changes in transporter
activation as are the resulting changes in renal function as discussed below. In addition,
we investigated the effect of pregnancy on a hypertensive (NP) female rat by using the
same changes to renal function as in the hypertensive female (NP) model and then adding
the changes that occur in the nephrons during MP.

During hypertension, pressure natriuresis reduces NHE3 activity and proximal tubular
Na+ reabsorption, which leads to a higher Na+ load to the distal segments. In a modeling
study of angiotensin II-induced hypertension in the male rat, Edwards & McDonough
[41] hypothesized that the differential regulation of NKCC2 in the medullary and cortical
segments of the thick ascending limb during hypertension occur to minimize Na+ retention
while preserving K+. They suggest that angiotensin II stimulates NKCC2 in the cortex
but not in the medulla. In our study we found that similar results occur in both the
hypertensive female (NP-HTN) and the hypertensive MP rat (MP-HTN) models.

Along the distal segments, the Na+ transporters the Na+-Cl– cotransporter (NCC) and
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the epithelial Na+ channel (ENaC) are both upregulated in hypertension (see Table 5.2).
In both the hypertensive NP and hypertensive MP models, this change led to increased
Na+ reabsorption in the distal segments.

In hypertension, both with or without pregnancy, there is a shift in Na+ transport
from the proximal tubules to the distal tubules (see Fig. 5.7). Given that the proximal
tubules are more efficient than distal tubules in transporting Na+ [70], in that less oxygen
is consumed to reabsorb a given amount of Na+, the downstream shift implied an increase
in overall oxygen demand. The elevated metabolic demand, if accompanied by maternal
endothelial dysfunction that negatively impact renal oxygen supply, may lead to renal
hypoxia and eventually chronic kidney disease.

Future work

Studying hypertensive disorders of pregnancy is complicated in that there are multiple
types: chronic hypertension (hypertension before 20-weeks gestation or pre-gestation), ges-
tational hypertension (onset of hypertension after 20-weeks gestation), and pre-eclampsia
(generally diagnosed by gestational hypertension and proteinuria, severe risk of eclamp-
sia) [96, 107]. In this study we chose to investigate chronic hypertension due to little
experimental data on nephron function in gestational hypertension and pre-eclampsia.
Abreu et al. [4] investigated only mRNA data on a few transporters in hypertensive and
normotensive pregnant rats. Hu et al. [57] investigated altered expression of renal Na+

transporters using urinary vesicles in pregnant women with pre-eclampsia. In a similar
way to Refs. [61,110], human-specific models of kidney function during pregnancy may be
developed to study the functional implications of this altered renal function.

Another common complication of pregnancy that may affect the kidneys is gestational
diabetes [91]. Gestational diabetes is diagnosed by hyperglycemia that develops in the
third trimester (of human pregnancy) and resolves post-parturition. Jiang et al. [65] inves-
tigated the impact of high-fat diet induced gestational diabetes on the SGLT2 and GLUT2
transporters in mice nephrons. The present model may be modified to simulate gestational
diseases and its functional implications on kidney function.

As average maternal age increases and the rates of comorbities such as hypertension
and diabetes increase in the population of women of childbearing age, rates of pregnancies
complicated by a disorder will increase [17, 18, 91, 106, 111]. However, our understanding
of pregnancy physiology and especially gestational disorders is limited. The study of preg-
nancy and its related pathologies has been historically limited by the fetal risks and ethical
implications of running clinical trials on pregnant women, as well as in general fewer stud-
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ies done on understanding female physiology [2, 74]. This limitation may be overcome, in
part, by using computational models to test hypotheses, unravel complicated mechanisms,
and potentially test the efficacy for therapies for gestational diseases in silico with the use
of pregnancy-specific models as developed in this study. Indeed, there is much more work
to be done in understanding pregnancy physiology as well as gestational diseases as we
recently reviewed in much more detail in Ref. [2].

Limitations of the study

Epithelial transport models have been extensively developed to provide an accurate ac-
counting of solute and water transport to yield insights along with experimental evidence
for the complicated transport pathways, driving forces, and coupling mechanisms that are
involved in kidney function. These models have been used to study the functional impli-
cations of sexual dimorphisms [59–61, 83, 110], diabetes [58, 110], hypertension [41], and
hyperkalemia [122] among others. However, as discussed in Layton & Edwards [75] and
Weinstein [118], there are limitations that often stem from the paucity of experimental
data as well as model structure.

One key limitation is that in the models presented in this study it is assumed that
the interstitial fluid composition is known a priori. There are changes in these models
that may affected interstitial fluid composition, but since there is not evidence that has
measured these changes, we did not include those changes in our model assumptions. This
has the potential to change some of the electrolyte transport in the models due to a differing
electrochemical potential gradient with the interstitial fluid.

Similar to the limitations in our previous study [109], gestational kidney physiology has
not been fully studied as there are some parameters that had to be assumed rather than
directly based on experimental evidence. A similar limitation is in the hypertension models.
We used experimental evidence from Veiras et al. [113] to inform our model parameter
choices, however this study only investigated Na+ transporters. It is likely that there are
other renal alterations that are impacted by hypertension. As more experimental evidence
on renal transporter function during pregnancy and hypertension becomes available these
models can be further improved.
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Chapter 6

Conclusions

Globally the rate of pregnancies complicated with a comorbidity is increasing. This is likely
driven by increased average maternal age along with increased rates of comorbidities such
as hypertension and diabetes in the population of women of child-bearing age [18, 106].
Indeed, it is more important than ever to fully understand pregnancy physiology and the
unique complexities of gestational disorders.

The study of pregnancy and its related pathologies has historically been limited due to
fetal risks and the ethical implications of running clinical trials on pregnant women along
with the significant lack of female-specific physiology studies due to sexist practices that
have ignored women’s health. However, this limitation may be overcome, in part, by using
computational modeling to test hypotheses, unravel complicated mechanisms, and test the
efficacy of potential therapies for gestational diseases in silico with the use of pregnancy-
specific models. We recently wrote a review on current sex-specific models that could
be expanded on to investigate pregnancy physiology [2]. This thesis work on developing
and analyzing models of kidney function during pregnancy as well as the pathology of
chronic hypertension is a step in unravelling the complexities of pregnancy physiology and
its unique disorders. Since pregnancy requires a myriad of physiological adaptations, there
is much more work that can and should be done to have a full understanding of not only
gestational renal physiology, but a comprehensive understanding of pregnancy physiology
as a whole.

In summary, in this thesis we have presented cell-based epithelial transport models of
kidney function during pregnancy and hypertension. We first developed models of a su-
perficial nephron in a mid- and late pregnant rat kidney. Model analysis was conducted
to study how individual pregnancy-induced renal adaptations impact single nephron uri-
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nary excretion of Na+, K+, and fluid volume. This in turn gives insight into what renal
adaptations made during pregnancy may be most important for maternal plasma volume
expansion as well as electrolyte retention by quantifying such impacts. Model results pre-
dicted that morphological adaptations such as the increased proximal tubule length had the
largest impact on electrolyte and volume handling in the kidneys. Additionally, increased
activity of the Na+ transporters, the Na+/H+ exchanger in the early nephron segments and
the epithelial Na+ channel in the distal segments are essential to prevent excess urinary
Na+ excretion during pregnancy, and even sustain Na+ retention. The other key elec-
trolyte studied, K+, required that the distal tubule K+ secretory channels are significantly
downregulated and the H+-K+-ATPase pump should be significantly upregulated in order
to prevent excess loss of K+ during pregnancy and retain K+ in late pregnancy.

Using the superficial nephron mid- and late pregnant models, we developed computa-
tional models of kidney function that captured heterogeneity in the nephron populations.
Based on our superficial nephron models results we developed multiple nephron models
that captured both superficial nephron and several juxtamedullary nephron types. This
type of model gives a more accurate accounting of solute and water handling in a full
kidney. Model simulations were conducted to show the functional differences in kidney
function for a non-pregnant, mid-pregnant, and late pregnant rat. Further simulations
were conducted to investigate the functional implications of key pregnancy-induced renal
changes that were identified in the superficial nephron study (i.e., Ref. [109]). Specifi-
cally, we investigated the impact of setting individual parameter values to their respective
non-pregnant value in the late pregnant model. We investigated the impact of the proxi-
mal tubule length, Na+/H+ exchanger isoform 3 activity, and Na+-K+-ATPase activity in
the proximal segments. Additionally, we conducted simulations to investigate key distal
segment transporters: the epithelial Na+ channel, the K+ secretory channels, and the H+-
K+-ATPase pump. Together we showed how these gestational renal adaptations impact
the kidneys of a mid- and late pregnant rat.

We then developed a female-specific model of the impact of hypertension in the kidneys.
The kidney plays a key role in regulating blood pressure through its regulation of Na+ and
volume homeostasis. As such, studying the effect of hypertension on kidney function can
help to understand this highly complicated multi-factorial disorder. Despite differential
transporter abundance between male and female kidneys, it appears that the changes
that occur in hypertension are similar. However, we further investigated the impact of
pregnancy on a female with chronic hypertension. This is a disorder that can have a
severe effect on both the mother and fetus. The prominence of pregnancies complicated by
chronic hypertension is increasing as rates of chronic hypertension increase in the general
population, and more specifically in women of child-bearing age. Model results indicated
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that the decreased Na+ reabsorption in the proximal tubules of the nephrons leads to a
higher Na+ load to the distal segments where there is upregulated Na+ transporter activity.

The models presented in this thesis are the first pregnancy-specific models of kidney
function. It has been shown many times that the kidneys play essential roles in regulating
body homeostasis, blood pressure, excreting waste, and more. This role is just as crucial
in pregnancy and can be harmful when is altered. The demands on a pregnant female are
significant, but the ability of the maternal body to adapt is remarkable.

Future work. Here we presented the first models of kidney function during pregnancy to
combine multiple experimental studies on the effects of pregnancy on renal function. With
these models we were able to unravel the functional implications of these adaptations as well
as predict adaptations that have not been investigated. Kidneys are highly complex and
involve many competing processes, hence studying gestational renal adaptations through
computational modelling enables us to unravel individual effects which cannot easily be
done experimentally. We do note that these models can continually be improved upon as
more experiments are conducted and results are published.

Another potential area of study is the post-partum period, specifically in lactating
females. During the lactation period there is differential needs on the maternal body
which likely affects kidney function [11, 12]. At this time there has not been significant
research in the effects of lactation on renal function, though as more experimental research
emerges, a similar computational study may be conducted. Additionally, in this thesis
work we developed models of kidney function in a rat with chronic hypertension during
pregnancy. Other hypertensive disorders of pregnancy likely effect the kidneys. Again, at
this time there is not sufficient experimental evidence to develop models of these disorders,
though a similar study may be conducted to unravel individual effects on renal function.

Applied mathematics has been used to provide insights into many systems from the
social sciences to physics and more. Mathematical physiology has proven to be powerful in
unravelling the complex systems involved in biological and physiological phenomenon [67].
Computational modelling (as with most physiological research) has only recently considered
sex as a biological variable [74]. Even fewer models have been built to be pregnancy-
specific [2]. Indeed, almost all organs and tissues in the maternal body are significantly
impacted by pregnancy. Similar studies may be conducted on many organ systems to
reveal insights and unravel how pregnancy-induced changes impact the maternal body.
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[110] Sangita Swapnasrita, Aurélie Carlier, and Anita T. Layton. Sex-Specific Computa-
tional Models of Kidney Function in Patients With Diabetes. Frontiers in Physiology,
13, 2022.

109



[111] Gloria Valdés. Focus on today’s evidence while keeping an eye on the future: lessons
derived from hypertension in women. Journal of Human Hypertension, pages 1–5,
January 2022. Publisher: Nature Publishing Group.

[112] Luciana C. Veiras, Adriana C. C. Girardi, Joshua Curry, Lei Pei, Donna L. Ralph,
An Tran, Regiane C. Castelo-Branco, Nuria Pastor-Soler, Cristina T. Arranz, Alan
S. L. Yu, and Alicia A. McDonough. Sexual Dimorphic Pattern of Renal Trans-
porters and Electrolyte Homeostasis. Journal of the American Society of Nephrol-
ogy, 28(12):3504–3517, 2017. Place: United States Publisher: American Society of
Nephrology.

[113] Luciana C. Veiras, Brandon E. McFarlin, Donna L. Ralph, Vadym Buncha, Jessica
Prescott, Borna S. Shirvani, Jillian C. McDonough, Darren Ha, Jorge Giani, Susan B.
Gurley, Mykola Mamenko, and Alicia A. McDonough. Electrolyte and transporter
responses to angiotensin II induced hypertension in female and male rats and mice.
Acta Physiologica (Oxford, England), 229(1):e13448, May 2020.

[114] Joseph G Verbalis. Disorders of body water homeostasis. Best Practice & Research
Clinical Endocrinology & Metabolism, 17(4):471–503, December 2003.

[115] Arja Suzanne Vink, Sally-Ann B. Clur, Arthur A. M. Wilde, and Nico A. Blom.
Effect of age and gender on the QTc-interval in healthy individuals and patients
with long-QT syndrome. Trends in Cardiovascular Medicine, 28(1):64–75, January
2018.

[116] Carsten A. Wagner, Karin E. Finberg, Paul A. Stehberger, Richard P. Lifton, Ger-
hard H. Giebisch, Peter S. Aronson, and John P. Geibel. Regulation of the expression
of the Cl-/anion exchanger pendrin in mouse kidney by acid-base status. Kidney In-
ternational, 62(6):2109–2117, December 2002.

[117] A M Weinstein. A kinetically defined Na+/H+ antiporter within a mathematical
model of the rat proximal tubule. Journal of General Physiology, 105(5):617–641,
May 1995.

[118] Alan M. Weinstein. Mathematical models of renal fluid and electrolyte transport:
acknowledging our uncertainty. American Journal of Physiology-Renal Physiology,
284(5):F871–F884, May 2003.

[119] Alan M. Weinstein. A mathematical model of the rat nephron: glucose transport.
American Journal of Physiology-Renal Physiology, 308(10):F1098–F1118, May 2015.

110



[120] Alan M. Weinstein. A mathematical model of the rat kidney: K + -induced natri-
uresis. American Journal of Physiology-Renal Physiology, 312(6):F925–F950, June
2017.

[121] Alan M. Weinstein. A mathematical model of the rat kidney. II. Antidiuresis. Amer-
ican Journal of Physiology-Renal Physiology, 318(4):F936–F955, April 2020.

[122] Alan M. Weinstein. A mathematical model of the rat kidney. IV. Whole kid-
ney response to hyperkalemia. American Journal of Physiology-Renal Physiology,
322(2):F225–F244, February 2022.

[123] Alan M. Weinstein, Sheldon Weinbaum, Yi Duan, Zhaopeng Du, QingShang Yan,
and Tong Wang. Flow-dependent transport in a mathematical model of rat proximal
tubule. American Journal of Physiology - Renal Physiology, 292(4):1164–1181, 2007.
Place: United States Publisher: American Physiological Society.

[124] A.M. Weinstein. Nonequilibrium thermodynamic model of the rat proximal tubule
epithelium. Biophysical Journal, 44(2):153–170, November 1983.

[125] Crystal West, Zheng Zhang, Geoffrey Ecker, and Shyama M. E. Masilamani. In-
creased renal alpha-epithelial sodium channel (ENAC) protein and increased ENAC
activity in normal pregnancy. American journal of physiology. Regulatory, integra-
tive and comparative physiology, 299(5):R1326–R1332, 2010. Place: United States
Publisher: American Physiological Society.

[126] Crystal A. West, Steven D. Beck, and Shyama M. E. Masilamani. Time course of
renal sodium transport in the pregnant rat. Current Research in Physiology, 4:229–
234, January 2021.

[127] Crystal A. West, Weiquing Han, Ningjun Li, and Shyama M. E. Masilamani. Renal
epithelial sodium channel is critical for blood pressure maintenance and sodium bal-
ance in the normal late pregnant rat: Renal epithelial sodium channel blockade in
late pregnancy. Experimental physiology, 99(5):816–823, 2014.

[128] Crystal A. West, Alicia A. McDonough, Shyama M. E. Masilamani, Jill W. Verlander,
and Chris Baylis. Renal NCC is unchanged in the midpregnant rat and decreased
in the late pregnant rat despite avid renal Na+ retention. American journal of
physiology. Renal physiology, 309(1):F63–F70, 2015. Place: United States Publisher:
American Physiological Society.

111



[129] Crystal A. West, Jennifer M. Sasser, and Chris Baylis. The enigma of
continual plasma volume expansion in pregnancy: critical role of the renin-
angiotensin-aldosterone system. American Journal of Physiology-Renal Physiology,
311(6):F1125–F1134, October 2016. Publisher: American Physiological Society.

[130] Crystal A. West, Jill W. Verlander, Susan M. Wall, and Chris Baylis. The chlo-
ride–bicarbonate exchanger pendrin is increased in the kidney of the pregnant rat.
Experimental physiology, 100(10):1177–1186, 2015. Place: England Publisher: Wiley
Subscription Services, Inc.

[131] Crystal A. West, Paul A. Welling, Jr West, Richard A. Coleman, Kit-Yan Cheng,
Chao Chen, Jr DuBose, Jill W. Verlander, Chris Baylis, and Michelle L. Gumz. Renal
and colonic potassium transporters in the pregnant rat. American journal of phys-
iology. Renal physiology, 314(2):F251–F259, 2018. Place: United States Publisher:
American Physiological Society.

[132] David A. West, Steven D. Beck, Aline M. A. de Souza, and Crystal A. West.
Proteinase-activated receptor-2 (PAR2) on blood pressure and electrolyte handling
in the late pregnant rat. Experimental Physiology, 106(6):1373–1379, 2021. eprint:
https://onlinelibrary.wiley.com/doi/pdf/10.1113/EP088170.

[133] Lei Yang, Yuanyuan Xu, Diego Gravotta, Gustavo Frindt, Alan M. Weinstein, and
Lawrence G. Palmer. ENaC and ROMK channels in the connecting tubule regulate
renal K+ secretion. Journal of General Physiology, 153(8):e202112902, June 2021.

[134] Jang H. Youn. Gut sensing of potassium intake and its role in potassium homeostasis.
Seminars in nephrology, 33(3):248–256, May 2013.

[135] Jang H. Youn and Alicia A. McDonough. Recent Advances in Understanding Inte-
grative Control of Potassium Homeostasis. Annual review of physiology, 71:381–401,
2009.

112


	List of Figures
	List of Tables
	Introduction
	Outline of thesis

	Physiology Background
	Kidney Physiology
	Volume and Electrolyte Homeostasis
	Anatomy
	Nephrons
	Transporters

	Motivation: Pregnancy-induced adaptations
	Hormonal changes
	Plasma volume expansion
	Electrolyte retention
	Renal adaptations


	Mathematical modeling of nephron epithelial transport
	Superficial nephron model
	Conservation equations
	Membrane transport

	Multiple nephron model
	Juxtamedullary nephrons

	Sex-specific kidney models

	Superficial nephron
	Introduction
	Methods
	Pregnancy-specific models

	Results
	Baseline results: electrolyte and fluid handling during pregnancy
	Sensitivity analysis: impact of morphological adaptations
	Sensitivity analysis: impact of transporter adaptations
	Sensitivity analysis: model parameter sensitivity

	Discussion
	Perspectives and Significance

	Multiple nephron and hypertension
	Introduction
	Method Details
	Multi-nephron epithelial transport model
	Pregnancy-specific models
	Simulating hypertension in females and pregnancy

	Results
	Discussion

	Conclusions
	References

