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Abstract

Calcium is an essential mineral that plays a critical role in many biological processes,
such as muscle contraction, nerve function, and bone health. However, maintaining the
right balance of calcium in the body is crucial since both high and low levels can have
harmful effects. To ensure this balance, the kidney plays a crucial role in regulating
calcium homeostasis by reabsorbing calcium in specific segments of the nephron, including
the proximal tubule, thick ascending limb, and the late part of the distal convoluted tubule
and connecting tubule, and controlling the amount of calcium that is excreted in the urine.

This thesis focuses on the computational modelling of renal epithelial calcium handling
and sex differences of this process in male and female rat kidneys. Renal epithelial isolated
cell models with emphasis on calcium transport are discussed and expanded to a nephron
model for both male and female models. Sex differences were observed in the permeability
of the proximal tubule to calcium and the expression of calcium channels and pumps in
the late part of the distal convoluted tubule and connecting tubule. Our results revealed
lower calcium reabsorption along the proximal tubule and thick ascending limb, and higher
reabsorption along the late part of the distal convoluted tubule and connecting tubule
in the female rat kidney model. Furthermore, the male rat kidney model showed higher
urinary calcium excretion compared to the female rat kidney model, consistent with animal
experiments.

We investigated the effects of perturbations in calcium-specific channels and transporters
and sodium-specific transporters on renal calcium handling in male and female rat kidneys.
Our findings revealed that inhibiting sodium-specific transporters had a significant impact
on renal calcium transport, whereas inhibitions of calcium-specific channels and trans-
porters had minimal effects on sodium transport. We observed that inhibiting Na+/H+

exchanger 3, Na+-K+-2Cl− co-transporter, and Na+-Cl− co-transporter resulted in in-
creased urinary calcium excretion in both male and female models, while epithelial Na+

channel inhibition led to decreased urinary calcium excretion in both male and female
models.

iv



Acknowledgements

Not too long ago, we played Dixit, a creative board game, at Dr. Anita Layton’s home. In
this game, each player chooses an illustrated card and gives a one-word clue. Scoring is
based on finding the intended card without making the clue too obvious or vague. Despite
some easy and hard cards, one with a balance scale surprised everyone with its intended
word, kidney. I would like to thank my supervisor, Dr. Anita Layton, not only for her
constant support, expertise, and teachings on being thorough and independent, but also
for reminding me that even when we are busy, we need to make time for fun. I would also
like to thank her for teaching me that a lot can be learned and accomplished in a short
time span.

I am grateful to my committee members, Dr. Mohammad Kohandel, Dr. Anita Layton,
and Dr. Matthew Scott, for dedicating their time and expertise to reviewing my thesis.

I have received support from many friends throughout my journey, and I am thankful for
all of them. Among them, there is one friend who has always been there for me through
thick and thin: Mehrshad Sadria. He is a true friend who constantly pushed me to be
a better version of myself in various areas of life. Not only did he sit alongside me in
the lab, but we also shared many memorable moments outside of it, from long walks and
discussions on research and life to ice rinks and benches. He truly is a constant source of
support and a one-of-a-kind researcher.

I would also like to thank my lab members: Chris West, Melissa Stadt, Pritha Dutta,
Kaixin Zheng, Delaney Smith, Stephanie Abo, Karolina Suszek, Amandeep Kaur, Chi-
Chung Cheung, Matt Wiens, Karolina Suszek, William Bell, and Anderson White. I have
learned something from each one of them.

Last but not least, I want to express my heartfelt gratitude to my family for their uncon-
ditional love and support throughout all stages of my life. I am truly grateful for their
unwavering presence in my life.

v



Dedication

I dedicate this thesis to my Noorhaye Cheshm: my mom, dad and sister, Shirin.

vi



Table of Contents

Author’s Declaration ii

Statement of Contributions iii

Abstract iv

Acknowledgements v

Dedication vi

List of Figures x

List of Tables xvii

1 Physiology Background 1

1.1 Kidney Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1.1 Kidney Anatomy . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1.2 Glomerular Filtration . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.1.3 Nephron Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2 Epithelial Cell Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.3 Tubular Reabsorption and Secretion . . . . . . . . . . . . . . . . . . . . . . 6

1.3.1 Mechanisms of Tubular Reabsorption and Secretion . . . . . . . . . 7

vii



1.4 Motivation: Renal Calcium Handling . . . . . . . . . . . . . . . . . . . . . 8

1.4.1 Sex Differences in Renal Calcium Handling . . . . . . . . . . . . . . 9

1.4.2 Objectives of Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2 Isolated Cell Models: Investigating Ca2+ Transport in Renal Epithelial
Cells 12

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.2 Conservation of Mass Equations . . . . . . . . . . . . . . . . . . . . . . . . 13

2.3 Water and Solute Transport Equations . . . . . . . . . . . . . . . . . . . . 15

2.4 Sex-specific Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.5 Equations Specific to Calcium Transport . . . . . . . . . . . . . . . . . . . 22

2.5.1 Proximal Tubule Cell Equations . . . . . . . . . . . . . . . . . . . . 23

2.5.2 Thick Ascending Limb Cell Equations . . . . . . . . . . . . . . . . 24

2.5.3 Late Distal Tubule and Connecting Tubule Cell Equations . . . . . 27

2.5.4 Other Segments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

2.6 Simulation Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

2.6.1 Proximal Tubule Cell . . . . . . . . . . . . . . . . . . . . . . . . . . 33

2.6.2 Isolated Thick Ascending Limb Cell Results . . . . . . . . . . . . . 34

2.6.3 Isolated DCT2-CNT Cell Model Results . . . . . . . . . . . . . . . 37

3 Nephron Model: Baseline Results 44

3.1 Introduction to the Nephron Model . . . . . . . . . . . . . . . . . . . . . . 44

3.2 Neprhon Model Equations . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.2.1 Conservation of Mass Equations . . . . . . . . . . . . . . . . . . . . 46

3.2.2 Numerical Solution . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3.3 Baseline Model Results for Male and Female Rat Kidneys . . . . . . . . . . 51

3.3.1 Proximal Tubule Results . . . . . . . . . . . . . . . . . . . . . . . . 51

3.3.2 Thick Ascending Limb Results . . . . . . . . . . . . . . . . . . . . . 52

viii



3.3.3 Distal Convoluted Tubule and Connecting Tubule Results . . . . . 53

3.3.4 Collecting Duct and Calcium Excretion Results . . . . . . . . . . . 54

3.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

4 Nephron Model: Effects of Ca2+ and Na+ Transporter Inhibition 59

4.1 Effects of Ca2+ Transporter Inhibition . . . . . . . . . . . . . . . . . . . . 60

4.1.1 TRPV5 and NCX1 Inhibition . . . . . . . . . . . . . . . . . . . . . 60

4.1.2 Decreasing Paracellular Calcium Permeability . . . . . . . . . . . . 61

4.2 Effects of Na+ Transporter Inhibition . . . . . . . . . . . . . . . . . . . . . 64

4.2.1 NHE3 Inhibition . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

4.2.2 NKCC2 Inhibition . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

4.2.3 NCC Inhibition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

4.2.4 ENaC Inhibition . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

4.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

4.3.1 Ca2+ Specific Inhibition . . . . . . . . . . . . . . . . . . . . . . . . 77

4.3.2 NHE3 inhibition . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

4.3.3 NKCC2 inhibition . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4.3.4 NCC inhibition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4.3.5 ENaC inhibition . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

5 Conclusion 83

5.1 Limitations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

5.2 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

References 88

ix



List of Figures

1.1 Depiction of the anatomy of the kidney. The renal cortex, medulla and
papillae along with the renal pyramids and columns are presented in this
figure. Figure taken from Anatomy & Physiology by Bige et al. [19]. . . . 2

1.2 The glomerulus or Bowman’s capsule. The layers that make up the filtration
barrier are depicted. The outermost layer is composed of the visceral ep-
ithelial cells, the podocytes, the glomerular basement membrane and finally
the fenestrated endothelial cells. The figure is taken from Ref. [112]. . . . . 3

1.3 Representation of the nephron segments. PCT, proximal convoluted tubule;
PST, proximal straight tubule; TAL, thick ascending limb; DCT, distal
convoluted tubule; CD, collecting duct. Figure is taken from Kumaran et
al., 2020 [74] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.4 Sample cell representation (proximal tubule cell used as an example). Rep-
resenting the main compartments (Lumen, Cell, Interstitium and Lateral
interspace) and the channels and transporters. Lumen is the space where
the ultrafiltrate is carried along the nephron, the interstitium is the blood
and the lateral interspace is the space between the cells. Figure taken from
Ref. [47]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.5 Diagram of the nephron, with the sites of expression of androgen (AR) and
estrogen receptors (ERa and ERb). The amount of calcium reabsorption for
each segment of each tubular segment is also illustrated. Figure taken from
Ref. [70]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.1 A schematic diagram of the medullary thick ascending limb cell, depicting
the lumen and interstitium, lateral innerspace and the cell compartment.
The luminal and interstitial concentrations are assumed known a priori [149]. 13

x



2.2 Model representation of the Na+/H+ exchanger. A, B, C are Na+, H+ and
NH+

4 , respectively and they bind to the empty carrier, X. The resulting
complexes are transported across the membrane. . . . . . . . . . . . . . . . 17

2.3 Abundance differences of key transporters, channels, and aquaporins be-
tween male and female rat kidneys: NHE3, Na+/H+ exchanger 3; NaPi2,
Na+-Pi cotransporter 2; NKA α1, Na+-K+-ATPase α1-catalytic subunit;
AQP, aquaporin water channel subunit; NKCC2, Na+-K+-2Cl cotransporter
isoform 2; NCC, Na+-Cl− cotransporter; pS71 and pT53, phosphorylation
sites associated with activation; ENaC, epithelial Na+ channel; fl, full-length
form; cl, cleaved forms; ROMK, renal outer medullary K+ channel. Figure
taken from Ref. [65]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.4 Illustration of a nephron with the main segments in which calcium reab-
sorption occurs. Calcium-related elements are depicted in red boxes. PCT,
proximal convoluted tubule; mTAL, medullary thick ascending limb; cTAL,
cortical thick ascending limb. The principal cell of the CNT tubule is rep-
resented (calcium-specific channels and transporters in DCT2 are similar
to CNT). Illustration made by Karolina Suszek (collecting duct added by
Melissa Stadt). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.5 Isolated PT cell with Ca2+ specific elements highlighted in red boxes. Ca2+

is predominantly reabsorbed via the paracellular pathway. Ca2+ is extruded
by PMCA located at the basolateral membranes. PCT, proximal convoluted
tubule; S3, proximal straight tubule. . . . . . . . . . . . . . . . . . . . . . 23

2.6 Isolated TAL cell with Ca2+ specific elements highlighted in red boxes. Ca2+

is entirely reabsorbed via the paracellular pathway. CaSR at the basolateral
membrane adjusts Ca2+ permeability based on the interstitial Ca2+ con-
centration. mTAL, medullary thick ascending limb; cTAL, cortical thick
ascending limb. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

2.7 Isolated CNT principal cell with Ca2+ specific elements highlighted in red
boxes (similar channels and transporters for DCT2). Ca2+ is reabsorbed
transcellularly via TRPV5 and is extruded by PMCA and NCX1 located at
the basolateral membranes. . . . . . . . . . . . . . . . . . . . . . . . . . . 27

2.8 Conductance of TRPV5 is a function of both pHi and pHe. In each of these
plots one of the pHs is fixed to the reference value of 7.4 and the other pH
is altered accordingly. As we can see pHi has a nonlinear function whereas
for pHe we have a linear change. . . . . . . . . . . . . . . . . . . . . . . . 30

xi



2.9 Sensitvity analysis of the relative change in paracellular (a) and transcellular
(b) flux of calcium for the isolated renal epithelial PT cell by altering PPara

Ca ,
PTrans
Ca , expression of NHE3, PPara

Na , one at a time for male and female models.
Blue bars are predicted responses for the male model; red bars, are for the
female model. Darker and lighter bars correspond to a 20% increase (Inc)
and a 20% decrease (Dec)in model parameters, respectively. . . . . . . . . 35

2.10 Effect of altering luminal NaCl concentrations on (a) Vte and (b) JCa for
male and female models. Blue lines are the results for the male model;
red bars, are for the female model. Solid and dotted lines correspond to a
luminal [NH+

4 ] of 1 mM and 0.1 mM, respectively. . . . . . . . . . . . . . . 37

2.11 Effect of altering luminal KCl concentrations on (a) Vte and (b) JCa for male
and female models. Blue lines are the results for the male model; red bars,
are for the female model. Solid and dotted lines correspond to a luminal
[NH+

4 ] of 1 mM and 0.1 mM, respectively. . . . . . . . . . . . . . . . . . . 38

2.12 Sensitivity analysis of the relative change in paracellular calcium flux in
the isolated renal epithelial cTAL cell. PPara

Ca , NKCC2A, NKCC2B, NHE3
expression, PPara

Na , ROMK channel permeability, KCC, and Na+-K+-ATPase
have been altered by +20% and -20%, one at a time, for male and female
models. Blue bars are predicted responses for the male model; red bars, are
for the female model. Darker and lighter bars correspond to a 20% increase
(Inc) and a 20% decrease (Dec) in model parameters, respectively. . . . . . 39

2.13 Sensitivity analysis on relative change in transcellular flux of calcium in
the isolated renal epithelial principal CNT cell for both male and female
models. TRPV5, NCX1, PMCA, and ENaC expression levels have been
altered by +20% and -20% for male and female models, one at a time, and
the relative change in calcium flux is predicted. Blue bars are predicted
responses for the male model; red bars, are for the female male. Darker and
lighter bars correspond to a 20% increase (Inc) and a 20% decrease (Dec)in
model parameters, respectively. . . . . . . . . . . . . . . . . . . . . . . . . 41

xii



3.1 Schematic representation of the superficial nephron model. The diagram
only displays Na+, K+, and Cl− transporters. PCT, proximal convoluted
tubule; S3, proximal straight tubule; 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, and inner medullary collecting duct. Illustration is
taken from Ref. [65]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.2 The figure shows a schematic of a sample grid point, defined as a cell along
the nephron, with four compartments labelled: the lumen, the epithelial cell,
the interstitium, and the lateral innerspace. The arrows in the schematic
represent the transcellular and paracellular fluxes between the four compart-
ments. In our simulations, we solve for 16 solute concentrations, volume,
and electric potential in the lumen, cell, and lateral interstitial space. . . . 50

3.3 (a) Luminal NH+
4 concentration and (b) intracellular K+ concentration in

male (blue line) and female (red line) models. PT, proximal tubule; S3,
proximal straight tubule; SDL, short descending limb; mTAL, medullary
thick ascending limb; cTAL, cortical thick ascending limb. . . . . . . . . . 53

3.4 Delivery of key solutes (A–H) and fluid (G) to the beginning of individ-
ual nephron segments in male and female rats. PT, proximal tubule; DL,
descending limb; mTAL, medullary thick ascending limb; DCT, distal con-
voluted tubule; CNT, connecting tubule; CCD, cortical collecting duct; TA,
titratable acid. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

3.5 Net transport of key solutes (A–H) and fluid (E) along individual nephron
segments, in male and female rats. Transport is taken positive out of a
nephron segment. PT, proximal tubule; DL, descending limb; TAL, thick
ascending limb; DCT, distal convoluted tubule; CNT, connecting tubule;
CD, collecting duct; TA, titratable acid. . . . . . . . . . . . . . . . . . . . 56

4.1 Comparison of segmental solute delivery of (A) Na+ (B) Ca2+ for male
and female models for base case, and for 100% inhibition in TRPV5 ac-
tivity (TRPV5-100); PT, proximal tubule; DL, descending limb; mTAL,
medullary thick ascending limb; DCT, distal convoluted tubule; CNT, con-
necting tubule; CCD, cortical collecting duct. . . . . . . . . . . . . . . . . 61

xiii



4.2 Comparison of segmental solute transport of (A) Na+ and (B) Ca2+ for male
and female models for the base case, and for 100% inhibition of TRPV5
activity (TRPV5-100); PT, proximal tubule; SDL, short descending limb;
TAL, thick ascending limb; DCT, distal convoluted tubule; CNT, connecting
tubule; CD, cortical duct. . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

4.3 Comparison of segmental solute delivery of (A) Na+ (B) Ca2+ for male
and female models for base case, and for 100% inhibition of NCX1 activity
(NCX1-100); PT, proximal tubule; DL, descending limb; mTAL, medullary
thick ascending limb; DCT, distal convoluted tubule; CNT, connecting
tubule; CCD, cortical collecting duct. . . . . . . . . . . . . . . . . . . . . . 63

4.4 Comparison of segmental solute transport of (A) Na+ and (B) Ca2+ for
male and female models for the base case, and for 100% inhibition of NCX1
activity (NCX1-100); PT, proximal tubule; SDL, short descending limb;
TAL, thick ascending limb; DCT, distal convoluted tubule; CNT, connecting
tubule; CD, cortical duct. . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

4.5 Comparison of segmental solute delivery of (A) Na+ (B) Ca2+ for male
and female models for base case, and for 50% decrease in paracellular per-
meability of Ca2+ along PT (PT-50); PT, proximal tubule; DL, descend-
ing limb; mTAL, medullary thick ascending limb; DCT, distal convoluted
tubule; CNT, connecting tubule; CCD, cortical collecting duct. . . . . . . . 65

4.6 Comparison of segmental solute transport of (A) Na+ and (B) Ca2+ for male
and female models for the base case, and for 50% decrease in paracellular
permeability if Ca2+ along PT (PT-50); PT, proximal tubule; SDL, short
descending limb; TAL, thick ascending limb; DCT, distal convoluted tubule;
CNT, connecting tubule; CD, cortical duct . . . . . . . . . . . . . . . . . . 66

4.7 Comparison of segmental solute delivery of (A) Na+ (B) Ca2+ for male and
female models for base case, and for 50% decrease in paracellular perme-
ability of Ca2+ along TAL (TAL-50); PT, proximal tubule; DL, descend-
ing limb; mTAL, medullary thick ascending limb; DCT, distal convoluted
tubule; CNT, connecting tubule; CCD, cortical collecting duct. . . . . . . . 67

4.8 Comparison of segmental solute transport of (A) Na+ and (B) Ca2+ for male
and female models for the base case, and for 50% decrease in paracellular
permeability if Ca2+ along TAL (TAL-50); PT, proximal tubule; SDL, short
descending limb; TAL, thick ascending limb; DCT, distal convoluted tubule;
CNT, connecting tubule; CD, cortical duct . . . . . . . . . . . . . . . . . . 68

xiv



4.9 Comparison of segmental solute delivery of sodium (A) Na+ (B) Ca2+ for
male and female models for base case, and for 50% decrease in NHE3 activity
(NHE3-50) and 80% decrease in NHE3 activity (NHE3-80); PT, proximal
tubule; DL, descending limb; mTAL, medullary thick ascending limb; DCT,
distal convoluted tubule; CNT, connecting tubule; CCD, cortical collecting
duct. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

4.10 Comparison of segmental solute transport of (A) Na+ and (B) Ca2+ for male
and female models for base case, and for 50% decrease in NHE3 activity
(NHE3-50) and 80% decrease in NHE3 (NHE3-80) activity; PT, proximal
tubule; SDL, short descending limb; TAL, thick ascending limb; DCT, distal
convoluted tubule; CNT, connecting tubule; CD, cortical duct. . . . . . . . 72

4.11 Comparison of segmental solute delivery of (A) Na+ and (B) Ca2+ for male
and female models for base case, and for 70% decrease in NKCC2 activ-
ity (NKCC2-70) and 100% decrease in NKCC2 activity (NKCC2-100); PT,
proximal tubule; DL, descending limb; mTAL, medullary thick ascending
limb; DCT, distal convoluted tubule; CNT, connecting tubule; CCD, corti-
cal collecting duct. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

4.12 Comparison of segmental solute transport of (A) Na+ and (B) Ca2+ for
male and female models for base case, and for 70% decrease in NKCC2
activity (NKCC2-70) and 100% decrease in NKCC2 (NKCC2-100) activity;
PT, proximal tubule; SDL, short descending limb; TAL, thick ascending
limb; DCT, distal convoluted tubule; CNT, connecting tubule; CD, cortical
duct. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

4.13 Comparison of segmental solute delivery of (A) Na+ and (B) Ca2+ for male
and female models for base case, and for 70% decrease in NCC activity
(NCC-70) and 100% decrease in NCC activity (NCC-100); CNT, connecting
tubule; CCD, cortical collecting duct. . . . . . . . . . . . . . . . . . . . . . 76

4.14 Comparison of segmental solute transport of (A) Na+ and (B) Ca2+ for
male and female models for base case, and for 70% decrease in NCC activ-
ity (NCC-70) and 100% decrease in NCC (NCC-100) activity; DCT, distal
convoluted tubule; CNT, connecting tubule; CD, cortical duct. . . . . . . . 80

4.15 Comparison of segmental solute delivery of (A) Na+ and (B) Ca2+ for male
and female models for base case, and for 70% decrease in ENaC activity
(ENaC-70) and 100% decrease in ENaC activity (ENaC-100); CNT, con-
necting tubule; CCD, cortical collecting duct. . . . . . . . . . . . . . . . . 81

xv



4.16 Comparison of segmental solute transport of (A) Na+ and (B) Ca2+ for male
and female models for base case, and for 70% decrease in ENaC activity
(ENaC-70) and 100% decrease in ENaC (ENaC-100) activity; DCT, distal
convoluted tubule; CNT, connecting tubule; CD, cortical duct . . . . . . . 82

xvi



List of Tables

2.1 Calcium-specific parameters of PT (S3 included) cell for male and female
rat kidneys. The basement membrane permeability is calculated based on
Na+ permeability which is based on a Ca2+-to-Na+ free diffusivity ratio of
7.93:13 for all the segments [154]. Values presented in (*) are adjusted and
values presented in (**) denote that the parameter is the same for both male
and female models. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.2 Calcium-specific parameters of TAL cell for male and female rats. Values
presented in (*) are adjusted and values presented in (**) denote that the
parameter is the same for both male and female models. . . . . . . . . . . 25

2.3 Calcium-specific parameters of DCT2-CNT cell for male and female rats.
Values presented in (*) are adjusted and values presented in (**) denote
that the parameter is the same for both male and female models. . . . . . 31

2.4 Calcium-specific parameters along cortical duct (CD) segments for male and
female rats. Values presented in (*) are adjusted and values presented in
(**) denote that the parameter is the same for both male and female models. 32

2.5 Luminal and interstitium concentrations of the renal epithelial isolated PT
cell model for both male and female models. . . . . . . . . . . . . . . . . . 33

2.6 Luminal and interstitium concentrations of the renal epithelial isolated cTAL
cell for male and female models similar to the isolated cTAL cell in a pub-
lished TAL model [46]. Solutes with (*) are not included in the published
TAL model. Cortical medullary concentrations have been assumed for these
solutes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

2.7 Luminal and interstitium concentrations of the renal epithelial isolated CNT
cell in a male and female model similar to a published isolated CNTmodel [23].
Solutes with (*) are not included in the published CNT model. Cortical
medullary concentrations have been assumed for these solutes. . . . . . . . 40

xvii



2.8 NaPi2,Na+−Pi cotransporter 2;PNa,Na
+permeability; PCl,Cl

−permeability;
Pf , water permeability; SDL, short descending limb; NKCC2,Na+ − K+−
Cl−cotransporter isoform 2; KCC,K+−Cl−cotransporter; ENaC, epithelial
Na+channel; PK,K

+permeability; NaKCl2,Na+ − K+ − Cl−cotransporter
isoform 1; Purea , urea permeability; PCT, proximal convoluted tubule; S3,
proximal straight tubule; mTAL, medullary thick ascending limb; cTAL,
cortical thick ascending limb; DCT, distal convoluted tubule; CNT, connect-
ing tubule; CCD, cortical collecting duct; OMCD, outer medullary collect-
ing duct; IMCD, inner medullary collecting duct; SNGFR, single nephron
glomerular filtration rate. Values are from Ref. [65]. . . . . . . . . . . . . . 42

2.9 Calcium-specific parameters for all the segments along the nephron. Values pre-

sented in (*) are adjusted and values presented in (**) denote that the parameter

is the same for both male and female models. PT, proximal tubule; TAL, thick

ascending limb; DCT2, late part of distal convoluted tubule; CNT, connecting

tubule; CD, collecting duct; OMCD, outer medullary collecting duct; IMCD, in-

ner medullary collecting duct. . . . . . . . . . . . . . . . . . . . . . . . . . . 43

4.1 Effects of inhibiting Ca2+ specific proteins on calcium transport for in male
and female models. Solute transport and excretion are given in µmol·min−1.
Percentage changes from baseline values are shown in parentheses. . . . . . 69

4.2 Effects of inhibiting Na+ transporters on sodium and calcium transport
for male and female models. Solute transport and excretion are given in
µmol·min−1. Percentage changes from baseline values are shown in paren-
theses. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

xviii



Chapter 1

Physiology Background

The kidneys are vital organs that play a key role in the balance of electrolytes and fluid in
the body by constantly filtering the blood. Homeostasis, defined as the steady internal state
of the body is maintained by the kidneys: excretion of wastes and reabsorption of crucial
solutes and water are actions that are sustained by the accumulative function of the tubules
in the kidney, known as the nephrons. Furthermore, the kidney is also responsible for the
acid-base balance (pH) of the blood and produces hormones such as calcitriol, responsible
for calcium reabsorption and erythropoietin, required for red blood cell production [43, 61].
The kidney also plays an important role in the regulation of blood pressure [7]. In this
chapter, I provide the necessary physiological background and first cover the anatomy of
the kidney and the structure of the nephrons, discuss the dynamics of tubular reabsorption
in, and provide the motivation for understanding calcium transport and regulation in the
nephron along with understanding sex differences in calcium transport.

1.1 Kidney Structure

1.1.1 Kidney Anatomy

The bean-shaped organ is located on either side of the vertebral column close to the
spine [140]. The kidney consists of a solid tissue called parenchyma also known as the
functional tissue. The cortex of the kidney is the outside, light-red portion of the organ,
while the medulla is the interior, darker part, as can be seen in Fig. 1.1. The renal medulla
comprises of several renal pyramids made out of straight blood arteries and tubular struc-
tures, giving them the appearance of being striated [19]. The papillae, which point towards
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the kidney’s center, make up the innermost portion of the pyramids. The renal columns
are the areas surrounding the renal pyramids.

Figure 1.1: Depiction of the anatomy of the kidney. The renal cortex, medulla and papillae
along with the renal pyramids and columns are presented in this figure. Figure taken from
Anatomy & Physiology by Bige et al. [19].

1.1.2 Glomerular Filtration

Glomerular filtration is the procedure to filter blood supplied by afferent arterioles to the
glomerulus (also known as the Bowman’s capsule). The volume of filtrate generated by the
kidneys is defined as the glomerular filtration rate (GFR), which is used to assess kidney
function. The GFR varies between genders and is controlled by renal blood flow, glomerular
capillary pressure, and filtration coefficient [128]. The glomerular capillaries’ surface area
and the filtration barrier’s permeability both affect the filtration coefficient [153]. The
fenestrated endothelium of the glomerular capillaries, the basement membrane, and the
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Figure 1.2: The glomerulus or Bowman’s capsule. The layers that make up the filtration
barrier are depicted. The outermost layer is composed of the visceral epithelial cells, the
podocytes, the glomerular basement membrane and finally the fenestrated endothelial cells.
The figure is taken from Ref. [112].

podocytes make up the three layers that make up the filtration barrier (see Fig. 1.2) and
stymies the passage of large molecules such as proteins into the urine [112].

1.1.3 Nephron Structure

Nephron Segments

Each kidney is composed of renal tubules called nephrons which are thousands in rats
and millions in humans [63, 17]. The nephron is responsible for filtering and processing
the blood and reabsorbing and secreting key solutes [7]. Each nephron consists of the
Bowman’s capsule and a tubular system. The filtered blood enters the tubular system,
beginning with the proximal tubule, which is divided into the proximal convoluted tubule
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(also known as the S1-S2 segment), and the proximal straight tubule (also known as the
S3 segment). Following the proximal tubule is the loop of Henle, which consists of the
descending limb, thin ascending limb and thick ascending limb. The subsequent segments
are the distal convoluted tubule and the connecting tubule. At the end is the collecting duct
which consists of the cortical collecting duct, outer medullary collecting duct and the inner
medullary collecting duct [7]. The collecting duct collects the fluids of several nephrons
together. The structure of the kidney along with its respective segments is represented in
Fig. 1.3. Each of these segments plays a specific role in solute and water reabsorption:

Superficial and Juxtumadullary Nephrons

Nephrons are categorized as superficial or juxtamedullary based upon the location of the
glomerulus: superficial nephrons have glomeruli located near the surface of the kidney and
give rise to a loop of Henle that only penetrates the outer medulla and is shorter than the
juxtamedullary nephron, wheareas the juxtamedullary has both a longer loop of Henle and
penetrates deep into the renal medulla [100]. The number of nephrons in rats is 36,000
and only 1/3 of the nephrons in the rat kidney are juxtumadullary nephrons (i.e., 24,000
superficial nephron and 12,000 juxtumedullary nephron) [149].

1.2 Epithelial Cell Structure

The filtered fluid (also referred to as the ultrafiltrate) enters the tubule and is carried
along the lumen (see Fig 1.4). The lumen is in contact with a lining of epithelial cells that
are adjacent to the blood (also referred to as the interstitium). The cells are juxtaposed
with each other and are separated by the lateral interspace. The cells are confined by
their membranes which allows selective influx and efflux of solutes and water, mediated
by channels and transporters (see below) localized at the membranes of the cells. The
membrane facing the lumen is referred to as the apical membrane and the membrane
facing the interstitium is the basolateral interface. Water and solutes are also transported
through the lateral interspace: specific proteins such as the claudin family [48], located at
this lining between the lumen and the lateral interspace (also known as the tight junction),
have selective permeability to solutes, leading to the transport of water and solutes. The
transported elements via the tight junction are then transported to the interstitium through
the basement membrane. The transport of water and solutes through the cell is referred to
as transcellular transport, and transport through the lateral interspace as the paracellular
pathway (details described below).
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Figure 1.3: Representation of the nephron segments. PCT, proximal convoluted tubule;
PST, proximal straight tubule; TAL, thick ascending limb; DCT, distal convoluted tubule;
CD, collecting duct. Figure is taken from Kumaran et al., 2020 [74]
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Figure 1.4: Sample cell representation (proximal tubule cell used as an example). Rep-
resenting the main compartments (Lumen, Cell, Interstitium and Lateral interspace) and
the channels and transporters. Lumen is the space where the ultrafiltrate is carried along
the nephron, the interstitium is the blood and the lateral interspace is the space between
the cells. Figure taken from Ref. [47].

1.3 Tubular Reabsorption and Secretion

Tubular reabsorption is the process of transporting filtered solutes and water from the
filtrate back into the interstitium, whereas tubular secretion is the process by which certain
substances (i.e, hydrogen ions, creatinine, and drugs) are transported from the interstitium
into the renal tubules to be excreted in the urine. In the following section, we will describe
the processes of how key solutes and water are reabsorbed along the nephron.
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1.3.1 Mechanisms of Tubular Reabsorption and Secretion

All segments of the nephron participate in solute reabsorption, while some also contribute
to excretion (i.e, proximal tubule, distal convoluted tubule). There are several types of
transport depending on the concentration gradient between the compartments and the
type of enzyme:

• Primary Active Transport: Primary active transport, is a type of transport pro-
cess that uses energy derived from the hydrolysis of adenosine triphosphate (ATP)
to move solutes against their concentration gradient across the membrane. This
means that the movement of solutes is from an area of lower concentration to an
area of higher concentration, which is opposite to the direction of diffusion. The
sodium–potassium pump also known as the Na+-K+-ATPase is one of the most im-
portant active transporters. This pump is a ubiquitous enzyme located at the ba-
solateral membrane and extrudes 3 sodium (Na+) ions out of the cell and pumps 2
potassium (K+) ions into cells. Its activity results in low intracellular and high ex-
tracellular Na+ concentration. This concentration gradient allows the influx of Na+

and also other solutes via secondary active transport (see below).

• Secondary Active Transport: Secondary active transport is the movement of
the ions down their gradient coupled with the transport of other substances against
their gradient by a shared carrier. This process still consumes ATP to generate
that gradient, but the energy is not directly used to move the molecule across the
membrane. Two types of secondary active transport exist: co-transport (also known
as symport) and exchange (also known as antiport). Co-transport is defined as
when both solutes are transported in the same direction, whereas for exchange the
directions are opposite. Sodium is the driving ion for many cotransporters, such as
the Na+-K+-2Cl− cotransporter and exchangers such as the Na+/H+ exchanger. The
Na+/H+ exchanger also contributes to the excretion of hydrogen ions.

• Passive Transport: Passive transport require cellular energy. Solutes move down
their respective concentration gradient. Examples of this transport include convec-
tion and diffusion.

– Convection: Convection is the transport of a solute by the movement of fluid
(in our case water) down a hydrostatic, osmotic, and oncotic pressure gradient
and requires nonzero paracellular permeabilities to water and solutes.

– Diffusion and Electrodiffusion: For non-charged particles diffusion is the
movement of solutes from areas with high concentration to low concentration in
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order to decrease the concentration gradient.
Electrodiffusion, refers to the movement of ions under the influence of both a
concentration gradient and electric potential difference across membranes.

Furthermore, water and solutes can go through two main pathways:

• Transcellular Transport: Transcellular transport is mediated by channels and
transporters located at the apical membrane of the cells. Channels are membrane-
spanning water-filled pores which allow the passive diffusion of solutes down their
electrochemical gradients whenever the regulatory gate is open. Transporter pro-
teins are transmembrane proteins that move ions across the membrane against their
concentration gradient. Transcellular transport can be active, secondary active, or
passive.

• Paracellular Transport: The tight junction has selective pore-forming cation and
anion-specific proteins, allowing the diffusion of solutes by electrodiffusive and con-
vection. All paracellular transport are passive.

1.4 Motivation: Renal Calcium Handling

Proper functioning of nerve, smooth, skeletal and muscle cells hinges on the maintenance
of calcium homeostasis. ∼99% of calcium is stored in the bone matrices and is dynam-
ically released into the bloodstream following parathyroid hormone (PTH) release when
extracellular calcium is depleted. The kidney plays a vital role in regulating calcium re-
absorption and in its whole body homeostasis. Due to calcium’s highly reactive nature,
its extracellular abundance can result in complications such as bone mineral deficiency
causing osteoporosis, and the formation of kidney stones as a result of hypercalcemia. On
the other hand, impairment in reabsorption or excess loss of calcium may cause neurolog-
ical complications [125] and chronic kidney disease (CKD) [101]. Renal diseases, certain
medications and hormonal changes can affect the metabolism, expression and activity of
calcium-specific transporters, and thus alter the transepithelial calcium transport along the
nephron [90]. Calcium is mainly reabsorbed in the proximal tubule, thick ascending limb,
and late part of the distal tubule along with the connecting tubule. In the proximal tubule
and thick ascending limb, calcium is mainly reabsorbed through the paracellular pathway,
whereas along the later part of the distal convoluted tubule, calcium is reabsorbed tran-
scellular by the calcium-specific transporter, transient receptor potential cation channel
subfamily V member 5 [102].
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1.4.1 Sex Differences in Renal Calcium Handling

The influence of sex hormones on the development of female and male-specific traits and on
the structure and function of sex-specific organs is well understood. Recent studies have
shown the key roles of sex hormones in regulating the structure and function of nearly
every tissue and organ in the mammalian body [21]. In particular, new data has pointed
out sex differences in kidney function [139]. There are major sex differences in renal blood
flow and kidney function. Given these morphological and hemodynamic differences assess
the extent to which individual sex differences in morphology or transporter activities con-
tribute to the observed difference in calcium transport along the superficial nephron.
It is well established that sex steroid deficiency induces bone loss, leading to osteoporo-
sis, and increased risk for osteoporotic fractures [6]. However, it is less clear whether sex
steroids affect renal calcium transport directly. There are several arguments for the kid-
ney as an important target of sex steroid action related to calcium transport: it has been
observed in humans and mice that males have a higher calcium excretion compared to
females [64]. Also, estrogen deficiency in postmenopausal women is associated with in-
creased serum calcium levels and increased urinary loss of calcium, and this hypercalcemia
and hypercalciuria can be restored with estrogen replacement therapy [108]. Various seg-
ments of the nephron exhibit androgen receptors (AR) and estrogen receptors (ER) [26].
AR receptors are expressed in both males and females, however, there have been con-
flicting observations of where the AR is localized: some in vivo and ex vivo experiments
have shown a predominant presence of this receptor in the glomeruli and the distal seg-
ments [115]. Whereas other experiments have shown that AR is predominantly expressed
along PT in isolated mouse and rat cell models. The two isoforms of the estrogen recep-
tors, ERα and ERβ are expressed in both males and females [68]. The expression of ERα
has been observed in the brush border membrane of PT cells and cortical CD (CCD) in
female mice. ERβ is observed in mesangial cells in both genders, with a higher expression
in females, and in podocytes which are only expressed in females [44]. Fig. 1.5 provides an
illustration depicting the distribution of androgen receptors (AR) and estrogen receptors
(ER) along the nephron.

To specifically address the effects of sex differences on renal handling several animal exper-
iments have been implemented. An ex vivo experiment on rabbit kidneys has shown that
estradiol-enhanced perfusion of the PT increases calcium transport [57]. It has been stipu-
lated that estradiol might alter claudin functionality, allowing more calcium permeability.

No known sex differences have been investigated along the TAL. The presence of the both
AR and ER are conflicting as there are yet to be understood. In one experiment on the
effects of androgen deficiency on renal handling, renal calcium excretion of orchidectomized
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Figure 1.5: Diagram of the nephron, with the sites of expression of androgen (AR) and
estrogen receptors (ERa and ERb). The amount of calcium reabsorption for each segment
of each tubular segment is also illustrated. Figure taken from Ref. [70].

mice has been compared to sham-operated and testosterone enhance mice. Immonubolting
assessments have shown that testosterone-depleted mice have significantly lower TRPV5
expression compared to the control group, showing the necessity of the functionality of sex
hormones in the proper functioning of this protein [64]. There are sex differences between
female and male rats in terms of TRPV5 expression: female rats have both higher TRPV5
mRNA and TRPV5 protein expression compared to male rats [64].
In order to address the sex differences mentioned earlier, modifications have been made
to the paracellular calcium permeability and transcellular channel activity, including the
proximal tubule (PT) with S3 segment, of the nephron. Additionally, in the late segment
of the distal convoluted tubule and the connecting tubule, adjustments have been made
to TRPV5, NCX1, and PMCA based on experimental findings in mice that showed higher
expression levels of these proteins along the female DCT2-CNT segments.
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1.4.2 Objectives of Thesis

The aims of this thesis are to understand calcium transport and regulation along the
superficial nephron and assess the effects of calcium-specific and sodium-specific inhibition
on calcium reabsorption. We also want to understand sex differences in renal calcium
handling by incorporating this solute into the epithelial solute and water transport model
for both male [79] and female rats [65] which will be described in detail in the following
chapters.
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Chapter 2

Isolated Cell Models: Investigating
Ca2+ Transport in Renal Epithelial
Cells

In this chapter, I present a mathematical model for simulating solute and water transport
in the isolated renal epithelial cells, which builds upon existing published models [144, 150,
143, 147, 149, 79, 82]. Specifically, I extend the model to incorporate calcium transport.
The isolated cell model serves as a foundation for more comprehensive computational
tubular models and allows for a thorough analysis of perturbations and alterations in model
parameters, to yield a better understanding for the dynamics of water and solute transport
in a specific cell type of a nephron segment. Equations that describe the conservation of
mass and membrane transport are described, together with a discussion of sex differences
in rats. Additionally, I describe equations for calcium transport in the isolated cell model
and present results and sensitivity analysis for calcium transport.

2.1 Introduction

Simulating solute and water transport in renal epithelial isolated cells involves mathemat-
ically representing the epithelial cell, incorporating the principles of biological kinetics and
fluid dynamics, such as conservation equations, volume transport, electroneutrality, and
the dynamics of various types of transporters, including those specific to calcium and other
solutes. This understanding of the biological cell is then translated into mathematical mod-
els that account for the transport of water and 16 solutes, including Na+, K+, Cl−, HCO−

3 ,
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H2CO
−
3 , CO2, NH3, NH

+
4 , HPO

2−
4 , H2PO

−
4 , H

+, HCO−
2 , H2CO2, urea, glucose, along with

Ca2+. In isolated cell experiments, the luminal and interstitium concentrations of these
solutes, including calcium, are fixed. In the computational cell model, the concentrations
and fluxes of these solutes within the cell and lateral interspace are computed and can
be compared with animal microperfusion experiments. A schematic diagram of the thick
ascending limb cell model is given in Fig. 2.1 as an example. In the following sections, I
describe the conservation equations and the water and solute transport equations, along
with calcium transport-specific equations and simulation results.

Figure 2.1: A schematic diagram of the medullary thick ascending limb cell, depicting the
lumen and interstitium, lateral innerspace and the cell compartment. The luminal and
interstitial concentrations are assumed known a priori [149].

2.2 Conservation of Mass Equations

Conservation of Volume. Cell i has four distinct compartments: the lumen (L), the
cell (C), the lateral interspace (P), and the interstitium (S). Volume conservation in the C
and P compartments in each cell i at steady state is expressed by the following equations:

J i
v,LC + J i

v,SC + J i
v,PC = 0

J i
v,LP + J i

v,SP + J i
v,CP = 0

(2.1)
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Here, Jiv,ab is the volume flux, taken positive from compartment a to b.

Conservation Of Mass Equations For Non-reacting Solutes. Conservation of non-
reacting solute k in steady state for compartments C, and P in cell i is given as:

J i
k,LC + J i

k,BC + J i
k,PC = 0

J i
k,LP + J i

k,BP + J i
k,CP = 0

(2.2)

where J i
k,ab denotes the solute flux from compartment a to compartment b.

Conservation Of Mass Equations For Reacting Solutes. Equations related to re-
acting solutes are described in terms of their buffers. The reactions for H+, HCO−

3 and
CO2 for instance, are:

H+ +HCO−
3 ⇌ H2CO3

k2
⇌
k1

H2O+ CO2 (2.3)

where k1 and k2 are the forward and backward reaction rates, respectively. The following
set of equations describes the conservation of reacting solutes:

Ĵ i
CO2,m

+ Ĵ i
HCO−

3 ,m
+ Ĵ i

H2CO3,m
= 0

Ĵ i
HPO2−,m

4
+ Ĵ i

H2PO
−
4 ,m

= 0

Ĵ i
NH3,m

+ Ĵ i
NH+

4 ,m
= 0

Ĵ i
HCO−

2 ,m
+ Ĵ i

H2CO2,m
= 0

(2.4)

where m = C,P , Ĵ i
k,C ≡ J i

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

k,PC and Ĵ i
k,P ≡ J i

k,LP+J i
k,BP+J i

k,CL. Furthermore,
the buffer pairs are assumed to be in equilibrium:

pHi
m = pKA − log

Ci
A,m

Ci
B,m

(2.5)

pKA is the negative logarithm of the acid dissociation constant, KA. C
i
k,m denotes the con-

centration of solute k in compartment m and pHi
m is the pH of compartment m. The buffer

pairs (A,B) are (HCO−
3 ,H2CO3), (HPO2−

4 ,H2PO
−
4 ), (NH3,NH

+
4 ), and (HCO−

2 ,H2CO2).
pHi

m is given by the conservation of hydrogen ion:

14



∑
k

Ĵ i
k,m = 0 (2.6)

where the summation index k is taken over the solutes H+, NH+
4 , H2PO

−
4 , H2CO3, and

H2CO2.

Conservation of Ionic Charge. As we deal with ions, we need to maintain electroneu-
trality within each compartment m = C,P :

∑
k

zkCk,m = 0 (2.7)

where zk represents the valence of solute k.

2.3 Water and Solute Transport Equations

Volume Transport. Volume fluxes are mediated by aquaporins (AQP) and are calculated
using the Kedem-Katchalsky equation:

J i
v,ab = Ai

abL
i
p,ab

(
σi
ab∆πi

ab +∆P i
ab

)
(2.8)

where Ai
ab denotes the area separating compartments a and b, Li

p,ab represents the hydraulic
permeability, ∆πi

ab ≡ RT
∑

∆Ci
ab represents the osmotic pressure gradient, where RT is

the product of the gas constant and thermodynamic temperature, and
∑

∆Ci
ab represents

the osmolarity difference. σi
ab represents the reflective coefficient, and ∆P i

ab denotes the
hydrostatic pressure gradient.

Solute Transport. As discussed in the previous chapter, the solute flux terms encompass
a multitude of components that elucidated in the following lines:

Convective Flux or Solvent Drag. Solvent drag is a phenomenon in which solutes
are carried along with the solvent (in this case, water) as it moves through a permeable
membrane, driven by hydrostatic, osmotic, and oncotic pressure gradients:

(
1− σi

k,ab

)
C̄i

k,abJ
i
v,ab (2.9)
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In this equation, σi
k,ab represents the reflection coefficient of solute k for the membrane

between components a and b, and

C̄i
k,ab =

Ci
k,a − Ci

k,b

lnCi
k,a − lnCi

k,b

(2.10)

represents the mean concentration of solute k between the compartments a and b for cell
i.

Electrodiffusive Flux. The electrodiffusive flux is a combination of the diffusive flux,
which is driven by the concentration gradient, and the electrostatic flux, which is driven
by the electric potential gradient across the membrane. For charged ions specifically, the
electrodiffusive flux is given by the Goldman-Hodgkin-Katz equation:

hi
k,abζ

i
k,ab

(
Ci

k,a − Ci
k,b exp

(
−ζ ik,ab

)
1− exp

(
−ζ ik,ab

) )
(2.11)

In this equation, hi
k,ab represents the permeability of solute k between the compartments

a and b, and ζ ik,ab is defined as:

ζ ik,ab =
zkF

RT
∆V i

ab (2.12)

where zk is the solute valence, F is Faraday’s constant, and ∆V i
ab denotes the electrical

potential difference between the compartments a and b. For an uncharged solute, the
diffusive flux is written as:

hi
k,ab

(
Ci

k,a − Ci
k,b

)
(2.13)

Coupled Transport. Several forms of coupled transport are present in the nephron,
including the antiporter Na+/H+ exchanger and the symporter Na+/Cl−. To illustrate
this concept, we utilize the approach developed in Refs. [77, 145, 59].

In Fig. 2.2, the solutes A, B, and C respectively represent Na+, H+, and NH+
4 , in which

the last two bind competitively to the transporter. X represents the empty transporter.
i denotes the internal face of the membrane, and e represents the external face of the
membrane. The key assumption of the model is that ion binding is very rapid relative to
membrane transport. To simplify the notation below, concentrations are denoted by low-
ercase letters. For instance, a represents the concentration of A, and ax represents that of
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the complex AX. We make use of the assumption that binding reactions are instantaneous,
resulting in:

Ka =
aixi

(ax)i
=

aexe

(ax)e
, Kb =

bixi

(bx)i
=

bexe

(bx)e
, Kc =

cixi

(cx)i
=

cexe

(cx)e

where Ka, Kb, and Kc represent equilibrium constants. The total amount of carrier (xT )
is conserved, therefore:

Figure 2.2: Model representation of the Na+/H+ exchanger. A, B, C are Na+, H+ and
NH+

4 , respectively and they bind to the empty carrier, X. The resulting complexes are
transported across the membrane.

xi + (ax)i + (bx)i + (cx)i + xe + (ax)e + (bx)e + (cx)e = xT (2.14)

In addition, the flux of the carrier in one direction must be counterbalanced by that in the
other direction so that there is zero net flux:

Ta(ax)
i + Tb(bx)

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

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

e (2.15)

where Tk represents the transport rate of solute k. Here, the forward and backward rates
across membranes are taken to be equal:

α ≡ a

Ka

, β ≡ b

Kb

, γ ≡ c

Kc

.
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Note that (ax)i = aixi/Ka = αixi, (bx)i = βixi. We can rewrite Eq. 2.14 and Eq.2.15 to:

xi
[
1 + αi + βi + γi

]
+ xe [1 + αe + βe + γe] = xT ,

−xi
[
Taα

i + Tbβ
i + Tcγ

i
]
+ xe [Taα

e + Tbβ
e + Tcγ

e] = 0.

This system of equations can be solved for xi and xe. The determinant equals:

Σ =
(
1 + αi + βi + γi

)
(Taα

e + Tbβ
e + Tcγ

e)+

(1 + αe + βe + γe)
(
Taα

i + Tbβ
i + Tcγ

i
)
.

And we have:

xi = xT (Taα
e + Tbβ

e + Tcγ
e) /Σ,

xe = xT

(
Taα

i + Tbβ
i + Tcγ

i
)
/Σ.

We can now calculate the flux of each ion across the carrier. The net outward flux of solute
A is given by:

Ja = Ta(ax)
i − Ta(ax)

e = Ta

(
αixi − αexe

)
Substituting the equations and rearranging, we arrive at:

Ja =
xTTa

Σ

[
Tb

(
αiβe − αeβi

)
+ Tc

(
αiγe − αeγi

)]
The net outward fluxes of B and C are equal to:

Jb =
xTTb

Σ

[
Ta

(
βiαe − βeαi

)
+ Tc

(
βiγe − βeγi

)]
,

Jc =
xTTc

Σ

[
Ta

(
γiαe − γeαi

)
+ Tb

(
γiβe − γeβi

)]
.

By knowing the binding equilibrium constants, the transport rates, and the total amount
of carrier, the fluxes are calculated as a function of internal and external concentrations of
A, B, and C. The model parameters are usually not measured directly in practice but are
instead derived by fitting the model equations to experimental kinetics data. However, due
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to the number of parameters often exceeding the number of independent measurements,
further assumptions need to be made: for instance, one of the transport rates could be
assumed constant, or the internal and external binding affinities could be considered to be
equal.

Active Transport (ATP-Driven). We will also discuss the mathematical modelling of
Na+-K+-ATPase. This ubiquitous pump provides the majority of energy for secondary
active transport by the extrusion of 3Na+ ions and the influx of 2K+ ions, resulting in
low intracellular Na+ concentration and a high intracellular K+ concentration. We can
compute ionic fluxes across the Na+-K+-ATPase by assuming that the binding of each ion
to the enzyme is an independent process. Considering that the binding of one intracellular
Na+ion to the free enzyme, E, to form the complex NaE is a first-order, reversible reaction:

Na+ + E
konNaE/koffNaE←→ NaE

where kon
NaE and kaff

NaE are the association and dissociation kinetic constants for this reaction,
respectively. The rate of NaE formation is given by:

dCNaE

dt
= kon

NaEC
i
NaCE − koff

NaECNaE (2.16)

Ci
Na, CE and CNaE are the intracellular concentration of Na+, the concentration of E and

NaE, respectively. Csot
E = CE + CNaE is defined as the total concentration of enzyme

remains constant. Therefore, Eq. 2.16 can be rewritten as:

dCNaE

dt
= kan

NaEC
i
Na

(
Ctat

E − CNaE

)
− koff

NaECNaE+

= kon
NaEC

i
NaC

tot
E −

(
kon
NaEC

i
Na + koff

NaE

)
CNaE.

At steady state, we therefore have:

CNaE =
Ctot

E Ci
Na

Ci
Na +Ki

Na

(2.17)

where Ki
Na = koff

NaE/k
on
NaE is the dissociation constant of the NaE complex. Eq. 2.17 means

that the probability (pNa) of having one Na+ion bound to one pump unit is proportional
to Ci

Na/ (C
i
Na +Ki

Na). If all 3 Na+ binding sites have the same affinity and there is no
cooperativity between them (i.e., assumed to be independent), the probability of having
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3Na+ ions bound to the complex is p3
Na. Similarly, pK is proportional to Ce

K/ (C
e
K +Ke

K)
where Ce

K is the external K+concentration and Ke
K denotes the dissociation of the KE

complex. Therefore, the probability of having 2 extracellular K+ ions bound to the pump
is pK

2. Thus, the flux of Na+ions across the pump can be expressed as:

JNaK
Na = JNaK,max

Na

[
Ci

Na

Ci
Na +Ki

Na

]3 [
Ce

K

Ce
K +Ke

K

]2
,

JNaK,max
Na is the maximum efflux of Na+ions at steady state. For K+ions the flux is:

JNaK
K = −(2/3)JNaK

Na

Garay and Garrahan [54] found that the apparent Na+affinity of the pump increases linearly
with intracellular K+levels:

Ki
Na = KNaK

Na

(
1 + Ci

K/aNaK

)
where KNaK

Na and aNaK are both constants. Similarly, the apparent K+affinity is altered by
extracellular Na+ [129], such that:

Ke
K = KNaK

K (1 + Ce
Na/bNaK) .

In the kidney, KNaK
Na and KNaK

K are taken as 0.2 and 0.1mM, and aNaK as bNaK as 8.33
and 18.5 mM, respectively. Thus, under typical conditions (Ci

K ∼ Ce
Na ∼ 150mM), the

apparent affinity of the pump for Na+and K+is on the order of 4 and 1 mM, respectively.

2.4 Sex-specific Parameters

The original epithelial solute and transport models were developed for the male rat kid-
ney [82, 34]. However, animal experiments have shown specific sex differences in rat kid-
neys. In female rat kidneys, the single nephron glomerular filtration rate (SNGFR), which
refers to the rate at which blood is filtered through the glomeruli, is lower compared to
male rat kidneys. Additionally, the kidney mass of a female rat is approximately half that
of an age-matched male rat [97]. Conversely, the glomerulus population is similar in both
sexes, and the urinary volume output is not substantially different [105]. Further animal
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experiments [139] have explored sex differences in the abundance of channels and trans-
porters (see Fig. 2.3). Based on these experiments, female rat nephrons in the proximal
tubule (including S3), express greater Na+/H+ exchanger 3 (NHE3) phosphorylation and
higher distribution of NHE3 at the base of the microvilli and have lower transport area,
lower abundance of Na+-Picotransporter 2 (NaPi2), aquaporin-1 (AQP1), and expression
of specific members of the claudin family (i.e., claudin-2), responsible for the paracellular
permeability of solutes. These differences result in lower Na+ and HCO−

3 reabsorption and
increased volume flow from the proximal tubule of a female rat kidney [139]. Along the
thick ascending limb (TAL) of the female rat, the Na+-K+-2Cl− cotransporter, K+-Cl−

(KCC), and Na+-K+-ATPase have higher activities. Furthermore, distal segments of the
female rat kidney exhibit a higher abundance of Na+-Cl− cotransporter (NCC), claudin-7,
and epithelial Na+ channel (ENaC) α- and γ-subunits [139]. These differences are also
associated with a lower fasting plasma K+ concentration in females compared to male rats.
All non-calcium-specific sex differences have been summarized in Table 2.8.

Figure 2.3: Abundance differences of key transporters, channels, and aquaporins between
male and female rat kidneys: NHE3, Na+/H+ exchanger 3; NaPi2, Na+-Pi cotransporter 2;
NKA α1, Na+-K+-ATPase α1-catalytic subunit; AQP, aquaporin water channel subunit;
NKCC2, Na+-K+-2Cl cotransporter isoform 2; NCC, Na+-Cl− cotransporter; pS71 and
pT53, phosphorylation sites associated with activation; ENaC, epithelial Na+ channel; fl,
full-length form; cl, cleaved forms; ROMK, renal outer medullary K+ channel. Figure
taken from Ref. [65].
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2.5 Equations Specific to Calcium Transport

I have extended the published epithelial solute and water transport models to include
calcium transport. Calcium is reabsorbed in the proximal tubule (PT), the thick ascending
limb (TAL), and the last 1/3 part of the distal convoluted tubule, also referred to as DCT2,
as well as the connecting tubule (CNT) where calcium is reabsorbed transcellularly. An
illustration of a nephron, along with the cell models of the segments in which calcium
reabsorption occurs, is depicted in Fig. 2.4. In this section, I describe the equations specific
to calcium transport in PT, TAL, and DCT2-CNT.

Figure 2.4: Illustration of a nephron with the main segments in which calcium reabsorption
occurs. Calcium-related elements are depicted in red boxes. PCT, proximal convoluted
tubule; mTAL, medullary thick ascending limb; cTAL, cortical thick ascending limb. The
principal cell of the CNT tubule is represented (calcium-specific channels and transporters
in DCT2 are similar to CNT). Illustration made by Karolina Suszek (collecting duct added
by Melissa Stadt).

22



2.5.1 Proximal Tubule Cell Equations

Calcium is mainly reabsorbed via the paracellular pathway in PT cell. The paracellular
flux of calcium consists of electrodiffusive fluxes driven by the concentration gradient and
difference in electric potential along with convective flux, which is driven by volume trans-
port. Furthermore, the L-type calcium channel located at the apical membrane of the PT
cells allows transcellular reabsorption of Ca2+ along this segment. The apical permeability
to calcium is an adjusted value and is taken so that the transcellular flux of calcium is equal
to 15% of total calcium reabsorption. Recent transcriptomic data [87] indicates that Ca2+

extrusion in the cell is mainly mediated by plasma membrane Ca2+-ATPase (PMCA), and
the contribution of Na+/Ca2+ exchanger (NCX1) is neglected. In Fig. 2.5, a depiction of
this cell model is shown. Calcium flux from the lumen to the compartments M (M = C,P )
can be described as the sum of convective and electrodiffusive fluxes.

JLM
Ca = JLM

V

(
1− σLM

Ca

)
CCa + hLM

Ca ζLMCa

(
CL

Ca − CM
Ca exp (−ζCa)

1− exp (−ζLCa)

)
(2.18)

Figure 2.5: Isolated PT cell with Ca2+ specific elements highlighted in red boxes. Ca2+

is predominantly reabsorbed via the paracellular pathway. Ca2+ is extruded by PMCA
located at the basolateral membranes. PCT, proximal convoluted tubule; S3, proximal
straight tubule.
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Parameter Value (Reference)
Male Female

Permeability to Ca2+:
Tight Junction 20× 10−5 cm/s [53] 100× 10−5 cm/s (*)
Basement Membrane 60× 10−5 cm/s [92] 60× 10−5 cm/s (**)
Apical Cell Membrane 0.005× 10−5 cm/s (*) 0.03× 10−5 cm/s (*)

PMCA maximum flux, JPMCA,max
Ca 0.5× 10−9 mmol · cm−2 · s−1 (*) 2.5× 10−9 mmol · cm−2 · s−1 (*)

PMCA affinity to Ca2+, Km,PMCA 75.6 nM [134] 75.6 nM (**)
Reflection coefficient of tight junction to Ca2+ 0.89 [106] 0.89 (**)

Table 2.1: Calcium-specific parameters of PT (S3 included) cell for male and female rat
kidneys. The basement membrane permeability is calculated based on Na+ permeability
which is based on a Ca2+-to-Na+ free diffusivity ratio of 7.93:13 for all the segments [154].
Values presented in (*) are adjusted and values presented in (**) denote that the parameter
is the same for both male and female models.

PMCA is mathematically modeled as:

JPMCA
Ca = JPMCA,max

Ca

[
CC

Ca

Km,PMCA + CC
Ca

]
(2.19)

In Eq. 2.19, JPMCA,max
Ca represents the maximum PMCA flux, Km,PMCA denotes the affinity

of the pump to Ca2+, and CC
Ca represents the cellular calcium concentration in millimoles

per liter (mM).

In ex-vivo experiments on rabbit PT cells, it has been observed that estradiol enhances
Ca2+ reabsorption [57]. I have adjusted transcellular and paracellular permeability and
JPMCA,max
Ca in the female model accordingly to reflect the differences between the sexes.

Table 2.1 summarizes the Ca2+-related parameters for the PT segment in both sexes.

2.5.2 Thick Ascending Limb Cell Equations

Along the TAL, calcium reabsorption is entirely paracellular [4]. Since this segment is
impermeable to water, the paracellular flux is solely electrodiffusive, driven by the positive
transepithelial voltage (∆Vte), which is defined as the voltage difference between the lumen
and the interstitium. The activity of Na+-K+-ATPase results in a low intracellular Na+

concentration and a high extracellular Na+ concentration, creating a transepithelial con-
centration gradient. This concentration gradient allows for the transcellular reabsorption
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of Na+, K+, Cl−, and NH+
4 via NKCC2. The high intracellular concentration and low

extracellular concentration of K+ also facilitate apical recycling of K+ to the lumen via
the apical potassium channel, resulting in a positive ∆Vte. Furthermore, micropuncture
experiments conducted on both the medullary thick ascending limb (mTAL) and cortical
thick ascending limb (cTAL) have shown heterogeneity in terms of calcium permeabilities
in this segment, with cTAL exhibiting considerably higher permeability to Ca2+ [151]. Re-
garding Ca2+ transport, no specific sex difference has been observed along the TAL [70].
Figure 2.6 represents a schematic diagram of the cell model for this segment.

Parameter Value (Reference)
Male Female

CaSR parameters (tight junction Ca2+ permeability):
Maximum half concentration, ECn

50 1.25 mM [38] 1.25 (**)
Hill function coefficient, n 4 [14] 4 (**)
Inhibitory coefficient, αλ -4/7 [96] -4/7 (**)
Tight junction permeability in the absence of Ca2+, λ∗ 12× 10−5 cm/s [96] 12× 10−5 cm/s (**)
CaSR parameters (effect on ROMK and NKCC2):
Inhibitory coefficient for NKCC2 activity, αNKCC2 -0.84 [141] -0.84 (**)
Inhibitory coefficient for potassium channel activity , αROMK -0.5 [123] -0.5 (**)

Table 2.2: Calcium-specific parameters of TAL cell for male and female rats. Values
presented in (*) are adjusted and values presented in (**) denote that the parameter is the
same for both male and female models.

Calcium Sensing Receptor (CaSR)

One key protein expressed at the basolateral membrane of the TAL cell is the calcium-
sensing receptor (CaSR). This protein modulates the paracellular permeability of tight
junctions to Ca2+ based on the interstitial concentration of calcium. Its main purpose
is to regulate Ca2+ reabsorption in response to changes in serum calcium concentrations.
Parathyroid hormone (PTH) plays a crucial role in this dynamic process, as it stimulates
an increase in Ca2+ reabsorption. To mathematically model the effect of CaSR, a steep
inverse gradient function with a fourth-order Hill function is considered, following a similar
approach as described in Ref. [46].:

λ = λ∗

[
1 + αλ

( [
Ca2+

]n
i[

Ca2+
]n
i
+ ECn

50

)]
(2.20)
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Figure 2.6: Isolated TAL cell with Ca2+ specific elements highlighted in red boxes. Ca2+

is entirely reabsorbed via the paracellular pathway. CaSR at the basolateral membrane
adjusts Ca2+ permeability based on the interstitial Ca2+ concentration. mTAL, medullary
thick ascending limb; cTAL, cortical thick ascending limb.

In Eq. 2.20, The parameter λ∗ represents the original permeability of tight junctions in the
absence of Ca2+. The value of αλ determines whether CaSR exerts inhibitory or excitatory
effects, with a negative value indicating inhibitory effects and a positive value indicating
excitatory effects (i.e., CaSR’s effect on tight junction permeability of Ca2+ is inhibitory).
i is either the lumen (i = L) or the interstitium (i = S), depending on where CaSR is
localized (i.e, for TAL it is localized at the basolateral membrane). n is the Hill function
coefficient and equals 4, and ECn

50 is the maximum half concentration and is equal to 1.25
mM. CaSR also affects the activity of non-calcium-specific channels and transporters: In
vivo experiments on rats have shown that by increasing Ca2+ from 1.1 to 5 mM, there is an
∼84% decrease in renal outer medullary potassium channel (ROMK) activity. In another
in vivo experiment with calcimimetic treatment on male mice, NKCC2 phosphorylation
decreased by ∼50%, without changing NKCC2 expression levels [16]. The parameter values
of the effects of CaSR on ROMK and NKCC2 are given in Table 2.9. CaSR is also expressed
along the apical membranes of DCT, and inner and outer medullary cells of the collecting
duct which will be described in Section. 2.5.4.
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2.5.3 Late Distal Tubule and Connecting Tubule Cell Equations

The CNT contains three types of cells: a principal cell and two intercalated cells. Only the
principal cells of the CNT express calcium-specific proteins. In DCT2-CNT, calcium reab-
sorption occurs entirely via the transcellular pathway, facilitated by the transient receptor
potential vanilloid subtype V (TRPV5) protein located at the apical membrane of the
cells. The isolated cell model is similar to Bonny and Edwards’s isolated DCT2-CNT cell
rat model [23]. Two basolateral proteins, PMCA and NCX1, work in tandem to facilitate
the extrusion of Ca2+ ions from the cell. Additionally, animal experiments have provided
evidence that TRPV5 is predominantly expressed along DCT2 and to a lesser extent in
CNT [94]. Our model also takes into account this expression pattern.
TRPV5. The permeability properties of TRPV5 are experimentally determined as conduc-
tance. Therefore, the TRPV5 Ca22+ flux is computed using the modified form of Ohm’s
law:

Figure 2.7: Isolated CNT principal cell with Ca2+ specific elements highlighted in red
boxes (similar channels and transporters for DCT2). Ca2+ is reabsorbed transcellularly
via TRPV5 and is extruded by PMCA and NCX1 located at the basolateral membranes.

JTRPV5
Ca = fTRPV5

Ca ·
NTRPV5 × gTRPV5

[
∆ΨLC − ELC

Ca

]
2F

(2.21)
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NTRPV 5 is the TRPV5 channel density, gTRPV 5 is the channel conductance which its value
hinges on the intracellular pH (pHi) and extracellular pH (pHe), ∆ΨLP = ΨL −ΨC is the
electric potential difference across the apical membrane, and ELPr

Ca is the Nernst potential
of Ca2+ which is defined as:

ELC
Ca =

RT

2F
ln

(
CC

Ca

CL
Ca

)
(2.22)

In the aforementioned equation, fTRPV 5
Ca takes into account the Ca2+ induced inhibition

of TRPV5 activity, whereas the effects of pH are embedded in the conductance. The
inhibition term is calculated as:

fTRPV5
Cai =

1

1 + (CC
Ca/C

TRPV5
inhib )

(2.23)

where in the above equation, intracellular Ca2+ concentration for half-maximal block is
denoted as CTRPV5

inhib . We also take into account that the channel conductance is a function
of the pHe and pHi which has three states: closed (C), sub-conductive (S), and fully
conductive (F). We assume that these states do not alter other properties of TRPV5 and
only affect the conductance. The equations of these transitions based on the states can be
written as:

C
k1k2−→ S

k3/k4−→ F (2.24)

The channel can be in each of these states with a probability of PJ , in which J = C, S, F .
The relation of these probabilities can be written as:

∂PC

∂t
= −kTRPV5

1 PC + kTRPV5
2 PS

∂PF

∂t
= −kTRPV5

4 PF + kTRPV5
3 PS

PS = 1− PC − PF

(2.25)

Solving for steady state, the simplified relation between the probabilities is given by:

PS =
k1k4

k1k4 + k2k4 + k3k1

PF =
k1k3

k1k4 + k2k4 + k3k1

(2.26)
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The value for the channel conductance is computed based on the probabilities:

gTRPV 5 = PFgf + PSgS (2.27)

The kTRPV 5
2,3 terms are a function of pHi and their relation along with the other k terms is

given as:

kTRPV5
1 = 42.7 s−1 (2.28)

kTRPV5
2 =

{
55.9 + 173.3−55.9

7.0−7.4
(pHi− 7.4) if pHi < 7.4

55.9 + 30.4−55.9
8.4−7.4

(pHi− 7.4) if pHi ≥ 7.4
(2.29)

kTRPV5
3 =0.1684 · exp(0.6035 · pHi)

kTRPV5
4 = 58.7 s−1

(2.30)

And the gF and gS values are computed as:

gF = g∗F +
g∗F

g∗F + g∗S

(
91− 58

7.4− 5.4

)
(pHe− 7.4)

gS = g∗S +
g∗S

g∗F + g∗S

(
91− 58

7.4− 5.4

)
(pHe− 7.4)

(2.31)

where the g∗F and g∗S are the reference conductances when pHe = pHi = 7.4. The conduc-
tance plot based on the pHe and pHi is given in Fig. 2.8.

Sex differences exist between female and male rats in TRPV5 expression: female rats
exhibit higher levels of both TRPV5 mRNA and TRPV5 protein expression compared to
male rats, as reported in a study by Hsu et al. [64]. Accordingly, the values in the female
model have been adjusted to reflect these differences.

PMCA. The mathematical modeling of of PMCA in DCT2-CNT cells is similar to that of
PMCA in PT, as given in Eq. 2.19, with differences in affinity and maximum flux. Detailed
parameters for DCT2-CNT are summarized in Table 2.3.

NCX1. The NCX1.3 isoform is the predominant isoform of NCX1 in DCT2-CNT cells.
However, due to the absence of existing kinetic models for NCX1.3, the current model
utilizes the NCX1.1 isoform, which is the predominant isoform in cardiac cells. The com-
putation of fluxes related to NCX1 is as follows:
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Figure 2.8: Conductance of TRPV5 is a function of both pHi and pHe. In each of these
plots one of the pHs is fixed to the reference value of 7.4 and the other pH is altered
accordingly. As we can see pHi has a nonlinear function whereas for pHe we have a linear
change.

JNCX1
Ca = JNCX1,max

Ca

( (
CC

Ca/Km,NCX1

)2
1 + (CC

Ca/Km,NCX11)
2

)

×

(
ΦR

(
CS

Na

)3
CC

Ca − ΦF

(
CC

Na

)3
CS

Ca

G(1 + ksatΦR)

) (2.32)

JNCX1
Na = −3× JNCX1

Ca (2.33)

ΦR = exp
[
(γ − 1)ΨCF/RT

]
(2.34)

ΦF = exp
[
γΨCF/RT

]
(2.35)

where in the above equations:
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G =
(
CS

Na

)3
CC

Ca +
(
CC

Na

)3
CS

Ca +KmNao
3CC

Ca +KmCao

(
CC

Na

)3
+KmNai

3CS
Ca

(
1 + CC

Ca/KmCai

)
+KmCai

(
CS

Na

)3 (
1 +

(
CC

Na

)3
/KmNai

3
) (2.36)

Parameter Value (Reference)
Male Female

PMCA parameters:

PMCA maximum flux, JPMCA,max
Ca 4.0× 10−9 mmol · cm−2 · s−1 (*) 4.5× 10−9 mmol · cm−2 · s−1 (*)

PMCA affinity to Ca2+, Km,PMCA 42.6 nM [134] 42.6 nM (**)
TRPV5 parameters:

Channel density, NTRPV 5
DCT2: 20× 106 1/cm2 (*) DCT2: 35× 356 1/cm2 Based on [64]
CNT: 5× 106 1/cm2 (*) CNT: 8.75× 106 1/cm2 Based on [64]

Intracellular [Ca2+] for half-maximal block, CTRPV 5
inhib 74 nM [134] 74 nM (**)

NCX1 parameters:

NCX1 maximum flux, JNCX1,max
Ca 2, 500× 10−9 mmol · cm−2 · s−1 (*) 2, 750× 10−9 mmol · cm−2 · s−1 (**)

NCX1 affinity to Ca2+, Km,NCX1 0.125 µM [67] 0.125 µM (**)
Constant for voltage dependence, γ 0.35 [67] 0.35 (**)
Internal Ca2+ half-saturation constant, Km,Cai 3.59 µM [67] 3.59 µM (**)
External Ca2+ half-saturation constant, Km,Cao 1.3 mM [67] 1.3 mM (**)
Internal Na+ half-saturation constant, Km,Nai 12.29 mM [67] 12.29 mM (**)
External Na+ half-saturation constant, Km,Nao 87.5 mM [67] 87.5 mM (**)
CaSR parameters (effect on NCC):
Excitatory coefficient for NCC activity , αNCC 0.5 [16] 0.5 (**)

Table 2.3: Calcium-specific parameters of DCT2-CNT cell for male and female rats. Values
presented in (*) are adjusted and values presented in (**) denote that the parameter is the
same for both male and female models.

Effect of Ca2+ on other transporters. An increase in the intracellular concentration of
Ca2+ from approximately 150 nM to 100 µM significantly reduces the open probability of
ENaC, while not affecting its conductance. To accurately capture this effect, the following
equation has been utilized:

fENaC
Cai =

{√
(150/CC

Ca) if CC
Ca > 150nM

1 if CC
Ca ≤ 150nM

(2.37)

CaSR is also expressed at the apical membrane of DCT cells. In vivo experiments on
male mice have revealed the effects of CaSR in increasing NCC activity. However, other
functions of this protein are not yet fully understood [16].
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2.5.4 Other Segments

The short descending limb (SDL) has negligible calcium permeability, and therefore we
assume no calcium transport occurs in this segment [120]. Along the collecting duct seg-
ments, namely the cortical collecting duct (CCD), outer medullary cortical duct (OMCD),
and inner medullary cortical duct (IMCD), there is minimal paracellular permeability that
promotes limited paracellular transport without transcellular transport [116]. CaSR is also
present in the medullary segments of the collecting ducts, specifically located on the api-
cal membrane of inner medullary collecting duct (IMCD) cells and the apical membrane
of type A intercalated cells of the outer medullary collecting duct (OMCD). In IMCD,
CaSR increases apical water permeability by increasing luminal Ca2+ concentrations. In
OMCD cells, an increase in luminal Ca2+ levels enhances H+ transport in the type A
cells [124, 117, 46]. The effects of CaSR in these segments have been implemented, and all
the respective parameters are summarized in Table. 2.4. Furthermore, all the parameters
are also summarized in Table 2.9.

Parameter Value (Reference)
Male Female

Permeability to Ca2+

Tight Junction 20× 10−5 cm/s [27] 20× 10−5 cm/s (**)
Basement Membrane 4.5× 10−5 cm/s [92] 4.5× 10−5 cm/s (**)
CaSR parameters:
Promoting coefficient for apical HATPase activity of type A OMCD cells, αHATP +2 [118] +2 (**)
Inhibitory coefficient for apical water permeability of IMCD cells, αpf -3/8 [123] -3/8 (**)

Table 2.4: Calcium-specific parameters along cortical duct (CD) segments for male and
female rats. Values presented in (*) are adjusted and values presented in (**) denote that
the parameter is the same for both male and female models.
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2.6 Simulation Results

2.6.1 Proximal Tubule Cell

Baseline Results. Similar luminal and interstitial concentrations for both male and female
renal epithelial isolated PT cell models are assumed (summarized in Table. 2.5). The total
flux of Ca2+ (JTotal

Ca ) in the male model is predicted to be 4.81 pmol ·min−1 ·mm−1. The
paracellular flux of calcium (JPara

Ca ) and the transcellular flux of calcium (JTrans
Ca ) are equal

to 3.98 pmol · min−1 · mm−1 and 0.82 pmol · min−1 · mm−1, respectively. JPara
Ca makes

up 78% of the total calcium flux, which is consistent with a previously published male
rat PT model [47]. Electrodiffusive flux accounts for the majority of the paracellular flux
(76%), driven by the lumen-to-lateral interspace concentration gradient of calcium and the
positive ∆Vte (1.03 mV). In the female model, the total flux of calcium in the isolated PT
cell is slightly lower at 4.23 pmol ·min−1 ·mm−1. Paracellular flux amounts to 81% of the
total flux and is equal to 3.42 pmol ·min−1 ·mm−1, with electrodiffusive flux making up
74% of this flux. Lower NHE3 expression in the female model results in a ∆Vte (0.88 mV)
lower than the male model.

Solute Lumen Concentration (mM) Interstitium Concentration (mM)
Na+ 142.67 144
K+ 5.89 4.9
Cl− 129.7 118.8

HCO−
3 14.28 24.8

H2CO3 4.3×10−3 4.3×10−3

CO2 1.48 1.5
HPO2−

4 2.78 3.00
H2PO

−
4 1.44 0.89

Urea 10.05 8.0
NH3 0.014 0.018
NH+

4 1.69 0.78
H+ 8.2×10−5 4.75×10−5

HCO−
2 1.97 0.99

H2CO2 0.0009 0.0002
Glucose 0.97 5
Ca2+ 1.36 1.25

Table 2.5: Luminal and interstitium concentrations of the renal epithelial isolated PT cell
model for both male and female models.
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Sensitivity Analysis. The paracellular permeability of Ca2+ (PPara
Ca ), the transcellular per-

meability of Ca2+ (PTrans
Ca ), the expression level of NHE3, and the paracellular permeability

of Na+ (PPara
Na ) were altered by increasing and decreasing these parameters by 20%. The

relative changes in transcellular and paracellular Ca2+ fluxes were computed and shown in
Fig. 2.9. The choice of NHE3 expression and PPara

Na is based on findings from isolated rat
PT cell experiments, which reveal that alterations in Na+ transport are associated with
parallel changes in Ca2+ transport [51]. Perturbing PPara

Ca by +20% and -20% has minimal
effect on JTrans

Ca in both sexes. However, increasing this parameter results in an increase in
JPara
Ca and vice versa. Increasing PTrans

Ca leads to an increase in JTrans
Ca in both sexes, while

for JPara
Ca , increasing PTrans

Ca decreases the total paracellular flux. Over-expression of NHE3
has a minor effect on JTrans

Ca , while it mainly increases the paracellular flux by enhancing
∆Vte. On the other hand, increasing PPara

Na has a negligible effect on the transcellular flux,
but higher PPara

Na results in increased paracellular reabsorption of Na+, leading to a lower
∆Vte, resulting in a reduced JPara

Ca .

2.6.2 Isolated Thick Ascending Limb Cell Results

Baseline Results. Luminal and interstitial compositions of the renal epithelial isolated
cTAL cell in both male and female models are similar to a published TAL model [46]; see
Table. 2.6. Calcium reabsorption is entirely paracellular. Since this segment is impermeable
to water the paracellular flux is solely electrodiffusive. The total paracellular flux of calcium
in the male model is equal to 1.67 pmol ·min−1 ·mm−1, driven by the positive ∆Vte (7.37
mV). The female isolated cTAL cell model exhibits a lower calcium flux equal to 1.25
pmol ·min−1 ·mm−1, resulting from a less positive ∆Vte (5.24 mV).

The positive ∆Vte is a consequence of the simultaneous reabsorption of sodium chloride
(NaCl) in parallel with the apical recycling of K+. Therefore, the impact of modifying
luminal concentrations of NaCl and KCl can be evaluated in terms of their effect on Ca2+

flux. A decrease in the luminal concentration of NaCl ([NaCl]) leads to a reduction in
paracellular Na+ reabsorption in both the male and female models, resulting in an increase
in ∆Vte (see Fig. 2.10a). Increased ∆Vte due to decreased luminal [NaCl] are consistent
with in vitro animal experiments conducted on isolated cTAL cells of the rat kidney [98].
Furthermore, our results reveal that luminal NH+

4 concentration ([NH+
4 ]) significantly im-

pacts ∆Vte in both male and female models, with the male model aligning with previous
studies such as Ref. [148], where a decrease in luminal [NH+

4 ] leads to increased apical K+

recycling and a more positive ∆Vte and an increased JTotal
Ca (see Fig. 2.10b).

Additionally, decreasing the luminal KCl concentration ([KCl]) results in a higher tran-
scellular K+ concentration gradient, an increased apical K+ recycling and subsequently
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(a) (b)

Figure 2.9: Sensitvity analysis of the relative change in paracellular (a) and transcellular (b)
flux of calcium for the isolated renal epithelial PT cell by altering PPara

Ca , PTrans
Ca , expression

of NHE3, PPara
Na , one at a time for male and female models. Blue bars are predicted

responses for the male model; red bars, are for the female model. Darker and lighter
bars correspond to a 20% increase (Inc) and a 20% decrease (Dec)in model parameters,
respectively.

elevated ∆Vte, in both male and female models (see Fig. 2.11a). The female model exhibits
higher sensitivity to luminal [KCl] compared to the male model. Additionally, lower lumi-
nal [NH+

4 ] results in higher K+ uptake via NKCC2 due to the competitive binding of NH+
4

and K+ to the NKCC2 splice variants. The increased ∆Vte results in higher JTotal
Ca in both

sexes, as shown in Fig. 2.11b.

Sensitivity Analysis. PPara
Ca , the expression level of Na+-K+-2Cl− (NKCC2) splice variant

A and B (NKCC2A and NKCC2B), NHE3, PPara
Na , the permeability of the apical renal

outer medullary K+ channel (ROMK), the expression levels of K+-Cl− (KCC), and Na+-
K+-ATPase are altered by +20% and -20% (see Fig. 2.12). Increasing PPara

Ca results in an
increase in JTotal

Ca in both sexes. Increased NKCC2A and NKCC2B result in a higher K+

uptake and higher apical K+ recycling, leading to a higher ∆Vte and thus a higher JTotal
Ca in

both male and female models. JTotal
Ca is less sensitive to apical NHE3 expression compared
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Solute Lumen Concentration (mM) Interstitium Concentration (mM)
Na+ 144 144
K+ 5.0 5.0
Cl− 122.9 122.9

HCO−
3 25 25

H2CO3 4.41×10−3 4.41×10−3

CO2 1.5 1.5
HPO2−

4 2.00 2.00
H2PO

−
4 0.60 0.60

Urea 5.00 5.00
NH3 14.7 ×10−3 14.7 ×10−3

NH+
4 0.99 0.99

H+ 4.75×10−5 4.75×10−5

HCO−
2 (*) 0.99 0.99

H2CO2 (*) 2.00×10−4 2.00×10−4

Glucose (*) 5.0 5.0
Ca2+ 1.25 1.25

Table 2.6: Luminal and interstitium concentrations of the renal epithelial isolated cTAL
cell for male and female models similar to the isolated cTAL cell in a published TAL
model [46]. Solutes with (*) are not included in the published TAL model. Cortical
medullary concentrations have been assumed for these solutes.

to the other parameters, and over-expression of NHE3 results in a slightly increased JTotal
Ca .

Increased PPara
Na allows increased paracellular Na+ reabsorption, leading to a less positive

∆Vte, and lower JTotal
Ca in both sexes. Increased ROMK expression results in a higher

apical K+ recycling and a higher ∆Vte in both male and female models. Increased KCC
expression results in a higher efflux of K+ from the cell and a lower transcellular K+

gradient, resulting in a lower ∆Vte and thus lower JTotal
Ca . Na+-K+-ATPase activity results

in a high intracellular K+ concentration and a low intracellular Na+ concentration. In
the male model increasing Na+-K+-ATPase expression results in a higher transcellular K+

gradient and a higher JTotal
Ca . In the female model increasing Na+-K+-ATPase activity

results in a high Na+ transcellular concentration gradient, but a lesser apical uptake of K+

and apical K+ recycling, leading to a lower JTotal
Ca .
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(a) (b)

Figure 2.10: Effect of altering luminal NaCl concentrations on (a) Vte and (b) JCa for male
and female models. Blue lines are the results for the male model; red bars, are for the
female model. Solid and dotted lines correspond to a luminal [NH+

4 ] of 1 mM and 0.1 mM,
respectively.

2.6.3 Isolated DCT2-CNT Cell Model Results

Baseline Results. Luminal and interstitial compositions similar to a previously published
isolated CNT cell model are used [23]; see Table 2.7. Calcium reabsorption occurs exclu-
sively through the transcellular pathway mediated by TRPV5. In the male model, the
calcium flux is equal to 2.23 pmol ·min−1 ·mm−1, consistent with observed values from in
vitro experiments on CNT principal cells of male rabbits [20]. In contrast, the transcellular
flux in the female model is considerably higher compared to the male model, predicted to
be 3.41 pmol ·min−1 ·mm−1, which is attributed to the higher expression level of TRPV5
in the female model compared to the male model. Basolateral extrusion of calcium occurs
via NCX1 and PMCA, with NCX1 accounting for 68% and 71% of the total extrusion of
calcium from the cell in male and female models, respectively, while the remaining portion
is attributed to PMCA.

Sensitivity Analysis. The expression levels of TRPV5, NCX1, PMCA, and ENaC are
altered by +20% and -20%, and the predicted relative change in JTotal

Ca is evaluated in
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(a) (b)

Figure 2.11: Effect of altering luminal KCl concentrations on (a) Vte and (b) JCa for male
and female models. Blue lines are the results for the male model; red bars, are for the
female model. Solid and dotted lines correspond to a luminal [NH+

4 ] of 1 mM and 0.1 mM,
respectively.

male and female models (see Fig. 2.13). Decreasing the expression of TRPV5, NCX1,
and PMCA results in a decrease in JTotal

Ca , and vice versa. However, when the expression
of ENaC is decreased, an increase in JTotal

Ca is observed. This is because the reduction in
ENaC expression leads to cellular hyperpolarization, resulting in an increased transcellular
voltage that drives the influx of calcium via TRPV5, without altering the conductance of
the channel due to minimal changes in pHi and pHe.
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Figure 2.12: Sensitivity analysis of the relative change in paracellular calcium flux in the
isolated renal epithelial cTAL cell. PPara

Ca , NKCC2A, NKCC2B, NHE3 expression, PPara
Na ,

ROMK channel permeability, KCC, and Na+-K+-ATPase have been altered by +20% and
-20%, one at a time, for male and female models. Blue bars are predicted responses for
the male model; red bars, are for the female model. Darker and lighter bars correspond to
a 20% increase (Inc) and a 20% decrease (Dec) in model parameters, respectively.
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Solute Lumen Concentration (mM) Interstitium Concentration (mM)
Na+ 65.0 144
K+ 2.00 5.00
Cl− 56.9 123.9

HCO−
3 8.00 24.0

H2CO3 3.53× 10−3 3.53× 10−3

CO2 1.2 1.2
HPO2−

4 2.23 2.08
H2PO

−
4 1.67 0.52

Urea 30.00 5.00
NH3 18.8× 10−3 3.52× 10−3

NH+
4 3.16 0.20

H+ 1.76 ×10−4 3.064 ×10−8

HCO−
2 (*) 0.99 0.99

H2CO2 (*) 2.00×10−4 2.00×10−4

Glucose (*) 5.0 5.0
Ca2+ 0.70 1.70

Table 2.7: Luminal and interstitium concentrations of the renal epithelial isolated CNT
cell in a male and female model similar to a published isolated CNT model [23]. Solutes
with (*) are not included in the published CNT model. Cortical medullary concentrations
have been assumed for these solutes.
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Figure 2.13: Sensitivity analysis on relative change in transcellular flux of calcium in the
isolated renal epithelial principal CNT cell for both male and female models. TRPV5,
NCX1, PMCA, and ENaC expression levels have been altered by +20% and -20% for male
and female models, one at a time, and the relative change in calcium flux is predicted.
Blue bars are predicted responses for the male model; red bars, are for the female male.
Darker and lighter bars correspond to a 20% increase (Inc) and a 20% decrease (Dec)in
model parameters, respectively.
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Parameter Female-to-Male Ratio Parameter Female-to-Male Ratio

PCT S3
NHE3 activity 0.83 0.83
NaPi2 0.75 0.75
PNa, PCl (paracellular) 0.4 0.4
Pf (transcellular) 0.64 0.64

SDL
PNa, PCl (transcellular) 0.5
Pf (transcellular) 2

mTAL cTAL
NKCC2 activity 2 2
KCC activity 1.5 1.5
Na+ −K+-ATPase activity 2 2
Na+/H+exchanger 0.8 0.8
Na+ − HPO2−

4 cotransporter 0.8 0.8
Na+ − HCO−3 cotransporter 0.8 0.8
PNa, PCl (paracellular) 0.9

DCT CNT
NCC activity 1.6
Na+ −K+ − ATPase activity 2 2
Na+/H+exchanger 0.85 0.9
Na+ − HPO2−

4 cotransporter 0.85 0.9
ENaC activity 2 1.3
PN, PCl (paracellular) 1.4 1.4
Pf (transcellular) 2 1.5

CCD OMCD
Na+ −K+-ATPase activity 1.5 1.1
H+ −K+-ATPase activity 1 1.5
Na+/H+exchanger 0.9 0.9
Na+ − HPO2−

4 cotransporter 0.9 0.9
ENaC activity 1.5 1.2
PNa, PCl (paracellular) 1.4 1
PK( apical) 0.7 1.2
Pf (transcellular) 2 2

IMCD Morphology
Na+ −K+-ATPase activity 1.2 PCT, S3
H+ −K+ − ATPase activity 1.5 Length 0.8
K+ − Cl−cotransporter 1.2 Diameter 0.8
NaKCl2 activity 0.6 Distal segments
PNa, PCl (paracellular) 0.5 Length 0.85
PK( apical) 2 Diameter 0.85
PNa (apical) 0.5 Hemodynamics
Pf (transcellular) 2 SNGFR 0.8
Purea changing fraction 0.89

Table 2.8: NaPi2,Na+−Pi cotransporter 2;PNa,Na
+permeability; PCl,Cl

−permeability; Pf ,
water permeability; SDL, short descending limb; NKCC2,Na+−K+− Cl−cotransporter iso-
form 2; KCC,K+ − Cl−cotransporter; ENaC, epithelial Na+channel; PK,K

+permeability;
NaKCl2,Na+ − K+ − Cl−cotransporter isoform 1; Purea , urea permeability; PCT, prox-
imal convoluted tubule; S3, proximal straight tubule; mTAL, medullary thick ascending
limb; cTAL, cortical thick ascending limb; DCT, distal convoluted tubule; CNT, connect-
ing tubule; CCD, cortical collecting duct; OMCD, outer medullary collecting duct; IMCD,
inner medullary collecting duct; SNGFR, single nephron glomerular filtration rate. Values
are from Ref. [65].
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Parameter Value (Reference)
Male Female

PT:
Permeability to Ca2+

Tight Junction 20× 10−5 cm/s [53] 100× 10−5 cm/s (*)
Basement Membrane 60× 10−5 cm/s [92] 60× 10−5 cm/s (**)
Apical Cell Membrane 0.005× 10−5 cm/s (*) 0.03× 10−5 cm/s (*)

PMCA maximum flux, JPMCA,max
Ca 0.5× 10−9 mmol · cm−2 · s−1 (*) 2.5× 10−9 mmol · cm−2 · s−1 (*)

PMCA affinity to Ca2+, Km,PMCA 75.6 nM [134] 75.6 nM (**)
Reflection coefficient of tight junction to Ca2+ 0.89 [106] 0.89 (**)

TAL:
CaSR parameters (tight junction Ca2+ permeability):
Maximum half concentration, ECn

50 1.25 mM [38] 1.25 (**)
Hill function coefficient, n 4 [14] 4 (**)
Inhibitory coefficient, αλ -4/7 [96] -4/7 (**)
Tight junction permeability in the absence of Ca2+, λ∗ 12× 10−5 cm/s [96] 12× 10−5 cm/s (**)
CaSR parameters (effect on ROMK and NKCC2):
Inhibitory coefficient for NKCC2 activity, αNKCC2 -0.84 [141] -0.84 (**)
Inhibitory coefficient for potassium channel activity , αROMK -0.5 [123] -0.5 (**)

DCT2-CNT:
PMCA parameters:

PMCA maximum flux, JPMCA,max
Ca 4.0× 10−9 mmol · cm−2 · s−1 (*) 4.5× 10−9 mmol · cm−2 · s−1 (*)

PMCA affinity to Ca2+, Km,PMCA 42.6 nM [134] 42.6 nM (**)
TRPV5 parameters:

Channel density, NTRPV 5
DCT2: 20× 106 1/cm2 (*) DCT2: 35× 356 1/cm2 Based on [64]
CNT: 5× 106 1/cm2 (*) CNT: 8.75× 106 1/cm2 Based on [64]

intracellular [Ca2+] for half-maximal block, CTRPV 5
inhib 74 nM [134] 74 nM (**)

NCX1 parameters:

NCX1 maximum flux, JNCX1,max
Ca 2, 500× 10−9 mmol · cm−2 · s−1 (*) 2, 750× 10−9 mmol · cm−2 · s−1 (**)

NCX1 affinity to Ca2+, Km,NCX1 0.125 µM [67] 0.125 µM (**)
Constant for voltage dependence, γ 0.35 [67] 0.35 (**)
Internal Ca2+ half-saturation constant, Km,Cai 3.59 µM [67] 3.59 µM (**)
External Ca2+ half-saturation constant, Km,Cao 1.3 mM [67] 1.3 mM (**)
Internal Na+ half-saturation constant, Km,Nai 12.29 mM [67] 12.29 mM (**)
External Na+ half-saturation constant, Km,Nao 87.5 mM [67] 87.5 mM (**)
CaSR parameters (effect on NCC):
Excitatory coefficient for NCC activity , αNCC 0.5 [16] 0.5 (**)

CD segments:
Permeability to Ca2+

Tight Junction 20× 10−5 cm/s [27] 20× 10−5 cm/s (**)
Basement Membrane 4.5× 10−5 cm/s [92] 4.5× 10−5 cm/s (**)
CaSR parameters:
Promoting coefficient for apical HATPase activity of type A OMCD cells, αHATP +2 [118] +2 (**)
Inhibitory coefficient for apical water permeability of IMCD cells, αpf -3/8 [123] -3/8 (**)

Table 2.9: Calcium-specific parameters for all the segments along the nephron. Values presented
in (*) are adjusted and values presented in (**) denote that the parameter is the same for both
male and female models. PT, proximal tubule; TAL, thick ascending limb; DCT2, late part of
distal convoluted tubule; CNT, connecting tubule; CD, collecting duct; OMCD, outer medullary
collecting duct; IMCD, inner medullary collecting duct.
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Chapter 3

Nephron Model: Baseline Results

This chapter expands the renal epithelial isolated cell models to a nephron model and
provides a comprehensive analysis of calcium transport along the superficial rat nephron,
with a specific focus on male and female differences. Baseline results for epithelial solute
and water transport in the nephron model are simulated for 16 different solutes. A detailed
description of calcium reabsorption along the superficial nephron in male and female rat
kidneys is provided, with an emphasis on the contribution of paracellular and transcellular
transport, as well as the role of Na+ transport in driving calcium transport. Notable sex
differences are observed, with lower calcium delivery and transport rates in the proximal
tubule and thick ascending limb, but higher rates in the late distal convoluted tubule and
connecting tubule in female rats compared to males. These findings highlight the signifi-
cance of considering sex-specific differences in nephron function and calcium handling.

3.1 Introduction to the Nephron Model

We develop sex-specific models of epithelial transport along a superficial nephron, based
on the isolated renal epithelial cell models presented in Chapter 2. The superficial nephron
model encompasses various segments. It starts from Bowman’s capsule and includes the
proximal tubule (PT), short descending limb (SDL), thick ascending limb (TAL), which
is further divided into the medullary thick ascending limb (mTAL) and the cortical thick
ascending limb (cTAL), distal convoluted tubule (DCT), connecting tubule (CNT), cortical
collecting duct (CCD), outer medullary collecting duct (OMCD), and inner medullary
collecting duct (IMCD). Each nephron segment is represented as a rigid tubule lined by
a layer of epithelial cells, with apical and basolateral transporters that vary according to
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cell type. That is, individual nephron segments are constructed by lining up a series of
specific cell models, with the exception of CNT, CCD, and OMCD segments. CNT and
CCD segments are composed of three types of cells: principal cells, alpha cells, and beta
cells (also known as intercalated cells). On the other hand, the OMCD segment expresses
only alpha cells and principal cells. The schematic representation of the superficial nephron
model can be found in Fig. 3.1.

Figure 3.1: Schematic representation of the superficial nephron model. The diagram only
displays Na+, K+, and Cl− transporters. PCT, proximal convoluted tubule; S3, proximal
straight tubule; 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, and inner medullary collecting duct.
Illustration is taken from Ref. [65].
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3.2 Neprhon Model Equations

In the nephron model, we need to ensure that the conservation of volume and conservation
of mass equations in the lumen are satisfied. This should be done in conjunction with the
equations that describe the conservation of mass and conservation of volume equations in
the renal epithelial isolated cell model within the cell and lateral inner space compartments,
as elaborated in Chapter 2. In this section, I provide a detailed description of these
equations in the lumen.

3.2.1 Conservation of Mass Equations

Conservation of Volume. Tubular fluid flow is described by the pressure-driven Poiseuille
flow. Within the lumen of a non-coalescing tubule (i.e., all segments excluding CNT and
IMCD, explained below), the conservation of volume is given by:

dQi

dx
= 2πriĴ i

v (3.1)

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

v,LC + J i
v,LP

denotes overall (transcellular and paracellular) volume flux.

Conservation Equations for Non-reacting Solutes. Similarly, the conservation equa-
tion of solute k in lumen for a non-reacting solute is given by:

d

dx

(
QiCi

k,L

)
= 2πriĴ i

k (3.2)

where Ci
k,L is the luminal concentration of solute k and Ĵ i

k ≡ J i
k,LC + J i

k,LP denotes the
respective solute flux.

Conservation Equations for Reacting Solutes. For reacting solutes, conservation is
applied to the total buffers in lumen which are as follows:

d

dx

(
QiCi

CO2,L
+QiCi

HCO3,L
+QiCi

H2CO3,L

)
= Ĵ i

CO2,L
+ Ĵ i

HCO3,L
+ Ĵ i

H2CO3,L

d

dx

(
QiCi

HPO4,L
+QiCi

H2PO4, L

)
= Ĵ i

HPO4,L
+ Ĵ i

H2PO4,L

d

dx

(
QiCi

NH3,L
+QiCi

NH4,L

)
= Ĵ i

NH3,L
+ Ĵ i

NH4,L

(3.3)
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Pressure Equations. The hydrostatic pressure in the lumen of cell i, denoted as P i, is
related to Qi and ri by:

dP i

dx
= − 8µQi

π (ri)4
(3.4)

where µ is the luminal fluid viscosity.

Conservation of Mass Equations for Coalescing Segments. CNT and IMCD seg-
ments coalesce with other nephrons (see Fig. 3.1). To capture this phenomenon in the
model the equations are modified by scaling luminal water and solute flows by the tubule
population ωi similar to Ref. [82]. In these segments, the conservation of luminal fluid and
non-reacting solutes is given by:

d

dx

(
ωiQi

)
= Ĵ i

v,L

d

dx

(
ωiQiCi

k,L

)
= Ĵ i

k,L

(3.5)

The equations for reacting solutes are also modified similarly. The convergence of the
connecting tubules is described by ωCNT , which denotes the fraction of connecting tubules
remaining at coordinate xCNT :

ωCNT (xCNT ) = 2−2.32xCNT /LCNT

(3.6)

where LCNT denotes the CNT length and xCNT denotes the distance from the CNT inlet.
Eq. 3.6 is formulated such that at the end of the connecting tubule, 10% of the population
remain. These remaining CNT cells converge into the CCD.

The IMCD cells coalesce in a similar manner. Let ωIMCD(x) denote the number of IMCD
cells along the superficial nephron:

ωIMCD
(
xIMCD

)
= 0.2×

(
1− 0.95

(
xIMCD

LIMCD

)2
)
exp−2.75×xIMCD/LIMCD

(3.7)

where LIMCD denotes the IMCD length and xIMCD denotes the distance from its inlet.

Flow-dependant Tubular Transport. The PT is lined with specialized epithelial cells
called brush border cells, which have microvilli that increase their surface area for absorp-
tion, resulting in reabsorption along PT that varies proportionally to SNGFR. To model
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flow-dependent epithelial transport, we utilize a similar approach as in Ref. [150]. Specif-
ically, the PT is assumed to be compliant (i.e., non-compliant segments have constant ri)
with the radius given by:

rPT = r0PT
(
1 + µPT

(
PPT − P 0

PT

))
(3.8)

where r0PT is reference radius, P0
PT the reference, and µPT characterizes tubular compliance.

To account for the modulation of transporter density by luminal flow, we determine the
microvillous torque as:

τPT =
8µQPTlPT,mv

r2PT

(
1 +

lPT,mv + δPT,mv

rPT
+

l2PT,mv

2r2PT

)
(3.9)

where lPT,mv is the microvillous length and σPT,mv denotes the height above the microvillous
tip where drag is considered. The density of apical and basolateral transporters in proximal
tubule cells is scaled by:

Scale = 1 + s

(
τPT
τ 0PT
− 1

)
(3.10)

where the reference torque τ 0PT is evaluated at the reference flow set to the inflow of PT
(i.e., ∼45 nl/min).

Moreover, within the cell compartment, we have ammonia genesis (i.e, ammonia is gener-
ated) along PT at a rate of Qi(NH4+), resulting in the following conservation equation for
(NH3, NH4+):

Ĵ i
NH3,C

+ Ĵ i
NH+

4 ,C
= Qi(NH4+) (3.11)

The CNT and CCD are also known to exhibit flow-dependent transepithelial transport. We
added a simple representation of that flow dependence by scaling apical Na+ permeability
in the CNT and CCD similar to Ref. [80], respectively, by τCNT and τCCD, given by:

τCNT = 1 + 3

(
QCNT

Q0
CNT

− 1

)
, τCCD = 1 + 3

(
QCCD

Q0
CCD

− 1

)
(3.12)

where Q0
CNT and Q0

CCD are the reference flows.
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Conservation of Charge. Furthermore, the condition of no net current into the lumen
must be met, as represented by the given equation:∑

k

zkF
(
JCL
k + JPL

k

)
= 0 (3.13)

where JCL
k and JPL

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

3.2.2 Numerical Solution

The tubular nephron model consists of a set of coupled differential-algebraic equations that
need to be solved with appropriate boundary conditions. In our epithelial transport model,
we have focused on steady-state conditions, where the time derivatives in all conservation
equations have been set to zero. This means that there is no net accumulation of fluid or
solute within any of the compartments. To spatially discretize the differential equations in
our nephron model, we divided each segment into a discrete set of 200 grid points, referred
to as cells, except for the PT, which is divided into 175 cells for the PCT and 25 cells for
the S3 segment. Spatial derivatives in the lumen are approximated using a forward-finite
difference scheme. To perform numerical simulations, boundary conditions must first be
specified. The concentrations in the interstitium solution are fixed, while the luminal fluid
composition, pressure, and flow rate at the PT inlet are specified. The output of each
segment is then used as the input for the following segment.

Moving axially along the tubular axis, at each cell i (see Fig. 3.2), the variables that need to
be solved are the 16 solute concentrations, electric potential, volume in the lumen, lateral
interspace, and the epithelial cell compartments. The set of coupled nonlinear equations
is comprised of the equations and fluxes introduced in Chapter 2 and the aforementioned
sections in Chapter 3. By integrating the conservation equations, the steady-state values of
solute concentrations, volume, and electrical potential in the epithelial cell compartments,
lateral interspace, and tubular lumen can be determined as a function of position along the
tubular axis. The system of algebraic equations obtained can be expressed as F (x) = 0,
where F (x) is a function that describes the relationships between the variables at each
point along the tubular axis. We have utilized Newton’s method to solve the system of
algebraic equations.

Newton’s method convergence criterion is typically defined by specifying a threshold for
the residual, which is usually set to a small value (e.g., 10−4 in our simulations). In
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Figure 3.2: The figure shows a schematic of a sample grid point, defined as a cell along the
nephron, with four compartments labelled: the lumen, the epithelial cell, the interstitium,
and the lateral innerspace. The arrows in the schematic represent the transcellular and
paracellular fluxes between the four compartments. In our simulations, we solve for 16
solute concentrations, volume, and electric potential in the lumen, cell, and lateral inter-
stitial space.

addition, the number of iterations is usually limited to prevent excessive computational
cost or divergence. In our simulations, we used a maximum of 500 iterations. If the
convergence criterion is not met, the method may diverge or fail to converge. To facilitate
convergence, we implemented a damped Newton’s method. The damping parameter is
manually specified for each segment and is based on the cell number, the norm of the
error, and the number of iterations.
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3.3 Baseline Model Results for Male and Female Rat

Kidneys

Predictions of the baseline results for the neprhon model of epithelial solute and water
transport, involving 16 solutes, in the superficial nephrons of male and female rat kidneys,
have been obtained. The segmental delivery, which refers to the luminal solute flow at
the inlet of a specific segment, for select solutes (Na+, Ca2+, K+, Cl−, HCO−

3 , NH
+
4 , urea,

Titratable Acids (TA), and luminal volume), are summarized in Fig.3.4. Furthermore,
the segmental transport, defined as the total amount of reabsorption of a specific solute
along the segment, is summarized in Fig.3.5. In the subsequent subsections, a detailed
description of calcium reabsorption along the superficial nephron of male and female rat
kidneys is provided.

3.3.1 Proximal Tubule Results

We will first discuss the results of the male rat model. Assuming a single nephron filtra-
tion rate (SNGFR) of 30 nl/min under baseline conditions, and a net amount of 24,000
superficial nephrons per rat kidney, the male model’s predicted outcomes for delivery and
transport of Ca2+ are summarized in Figs. 3.4B and 3.5B, respectively. Calcium enters
the PT inlet at a rate of 0.92 µmol·min−1 and reabsorption along this segment is 0.63
µmol·min−1 which is equal to 68% of the filtered load of calcium, with paracellular trans-
port making up 80% of the total reabsorption with remaining being transcellular reabsorp-
tion via apical calcium channels. Paracellular transport is mainly driven by electrodiffusive
flux, facilitated by both the lumen-to-intracellular space concentration gradient and the
transepithelial voltage difference (∆Vte) with the lumen-to-intracellular space concentra-
tion gradient having a more significant role. Convective flux accounts for only 10% of total
paracellular transport in PT. Proximal tubular calcium transport is driven, in large part,
by Na+ transport (see Fig. 3.5A), which establishes a lumen-positive ∆Vte and elevates
luminal calcium concentration by driving water reabsorption. As discussed in Chapter .2,
there are sex differences in terms of SNGFR. In the female rat model due to lower SNGFR
(24 vs. 30 nL/min), we observe a lower delivery for all the solutes including Na+ and Ca2+

at the PT inlet (82.944 µmol·min−1 and 0.72 µmol·min−1). Similar to published results
in a nephron model that does not represent Ca2+ transport [66], we predict a much lower
fractional Na+ (54% compared to 70%) reabsorption along PT in the female rat kidney,
as a result of smaller transport area and lower NHE3 activity (see Fig. 3.5A). The re-
duced fractional Na+ reabsorption and the resulting reduced water reabsorption lead to a
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significantly lower Ca2+ reabsorption along this segment (61% compared to 68%) despite
assuming that the female model PT having a higher paracellular calcium permeability
relative to male, based on ex-vivo experiments on estradiol enhanced rabbit kidney PT
cells [57]. Similar to the male rat model electrodiffusive paracellular flux drives calcium
reabsorption along this segment, amounting to 81% of total Ca2+ reabsorption along PT.

3.3.2 Thick Ascending Limb Results

In the male model, calcium enters the mTAL inlet at a rate of 0.29 µmol·min−1. Calcium
reabsorption along the TAL is entirely paracellular and is driven by the positive ∆Vte es-
tablished by the activity of Na+-K+-ATPase. This activity leads to a low intracellular
concentration of Na+ and a high extracellular concentration of Na+, allowing for the trans-
port of Na+, Cl−, K+, and NH+

4 via NKCC2, with the latter two solutes competing to bind
to the co-transporter. Na+-K+-ATPase also establishes a high intracellular concentration
of K+ and a low extracellular concentration of K+, resulting in a high transcellular gra-
dient of K+ and subsequent apical recycling of K+ to the lumen via the apical potassium
channel.

The mTAL segment has a higher interstitial concentration of Ca2+ compared to cTAL,
with interstitial concentration of Ca2+ linearly decreasing from 2.5 mM to 1.25 mM along
mTAL and remaining at 1.25 mM along cTAL (similar in both male and female models).
This results in CaSR lowering the tight junction permeability of mTAL compared to cTAL,
leading to less calcium reabsorption in the medullary limb compared to the cortical limb.
CaSR also has a greater inhibitory effect on the activity of NKCC2 and ROMK in the
mTAL limb compared to cTAL for similar reasons. However, the overall effect of CaSR
on NKCC2 and ROMK is small, resulting in a decrease in activity by ∼2% and ∼3%,
respectively for male and female models. In the male model, the TAL segment reabsorbs
calcium at a rate of 0.20 µmol·min−1, which accounts for 22% of the filtered load.

The delivery of Ca2+ to the mTAL inlet is slightly lower in the female model compared to
the male model, at 0.28 µmol·min−1. The female rat kidney has a smaller transport area
along TAL, but a higher activity of NKCC2, KCC, and Na+-K+-ATPase, as reported in
Ref. [65] and Chapter 2. This increased activity of Na+-K+-ATPase, combined with higher
Na+ delivery, results in a higher transcellular sodium concentration gradient. As a result,
there is greater Na+ reabsorption in the female model compared to the male model, with
NKCC2 playing a more significant role in Na+ reabsorption in TAL compared to NHE3.

The flow-dependant ammonia genesis in PT cells leads to a higher luminal concentration
of NH+

4 in the female model compared to the male model starting from the late part of PT
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segment (see Fig. 3.3a). This higher concentration persists along the TAL. Despite a higher
influx of Na+ via NKCC2 in the female model, the competitive binding of NH+

4 and K+

results in a decreased influx of K+. On the other hand, the higher basolateral influx of K+

due to elevated Na+-K+-ATPase activity is counteracted by the increased basolateral efflux
of K+ due to higher basolateral K+-Cl− (KCC) activity in the female model (see Fig. 3.1
and Table. 2.8). These competing effects result in a lower intracellular K+ concentration in
the female model compared to the male model (see Fig. 3.3b). Since the apical potassium
channel in both male and female models is similar, the resulting apical recycling of K+ is
lower in the female model. Consequently, this leads to a diminished lumen-positive ∆Vte

specifically along cTAL compared to the male model, resulting in lower Ca2+ reabsorption
in the female model (0.13 µmol·min−1) compared to the male model (0.19 µmol·min−1),
which amounts to 18% of fractional calcium reabsorption.

(a) (b)

Figure 3.3: (a) Luminal NH+
4 concentration and (b) intracellular K+ concentration in male

(blue line) and female (red line) models. PT, proximal tubule; S3, proximal straight tubule;
SDL, short descending limb; mTAL, medullary thick ascending limb; cTAL, cortical thick
ascending limb.

3.3.3 Distal Convoluted Tubule and Connecting Tubule Results

In both male and female models, DCT and CNT are assumed to have minimal paracel-
lular permeability to calcium, resulting in negligible paracellular calcium transport along
DCT-CNT, as discussed in Section 2.5.3. Calcium reabsorption along DCT2-CNT is en-
tirely transcellular, with DCT2 showing higher reabsorption due to significantly higher
TRPV5 expression compared to CNT (in the male model, DCT2 accounts for 4.7% and
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CNT accounts for 3.2% of the total fractional calcium reabsorption). NCX1 is responsible
for extruding most of the calcium from the cell (78%), with the remaining portion being
transported by PMCA. Influx of interstitial Na+ via NCX1 contributes only a small frac-
tion of total Na+ influx (around 1%). Overall, calcium transport along DCT2-CNT leads
to a total reabsorption of 0.075 µmol·min−1 or 7.9% fractional reabsorption of calcium in
the male model. In the female model, we observe considerably higher calcium reabsorp-
tion along DCT-CNT compared to the male model (9.7% in DCT2 and 6.5% in CNT),
attributed to considerably higher TRPV5 expression in the female model.

3.3.4 Collecting Duct and Calcium Excretion Results

Calcium reabsorption along CD is negligible and limited to the paracellular pathway. In
the male model, urinary calcium excretion is predicted to be 0.030 µmol·min−1 or 3.4%
of filtered load, at a concentration of 3.39 mM. We observe a similar fractional calcium
excretion in the female model (3.0%) and a lower urinary calcium excretion in the female
model (0.025 µmol·min−1), consistent with animal experiments and human observations.

The predicted segmental reabsorption rates for male and female models have been shown
to be in good agreement with the experimental measurements. Specifically, we predict
that the fractional reabsorption rates for the male and female models are 68% and 62%,
respectively, which are consistent with the range of 60-70% reported in the literature for
the PT [102]. For TAL, the predicted rates for male and female models are 22% and 20%,
respectively, which are in line with the values observed in animal experiments cited in
several studies, ranging from 20-25% [3, 1, 75, 83, 137, 36, 25]. Moreover, the predicted
urinary calcium excretion rates of 3.4% and 3.1% for male and female models, respectively,
are consistent with the reported range of 2-5% of the filtered load in a recent publica-
tion [58]. Furthermore, the predicted urine calcium concentration values of 3.4 mM and
4.3 mM for male and female models, respectively, fall within the reported range of 0.7 to 7
mM in various studies [10, 32, 49, 135]. It is important to note that the accuracy of these
predictions depends on the accuracy of the experimental measurements and assumptions
made in the modelling approach.
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Figure 3.4: Delivery of key solutes (A–H) and fluid (G) to the beginning of individual
nephron segments in male and female rats. PT, proximal tubule; DL, descending limb;
mTAL, medullary thick ascending limb; DCT, distal convoluted tubule; CNT, connecting
tubule; CCD, cortical collecting duct; TA, titratable acid.
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Figure 3.5: Net transport of key solutes (A–H) and fluid (E) along individual nephron seg-
ments, in male and female rats. Transport is taken positive out of a nephron segment. PT,
proximal tubule; DL, descending limb; TAL, thick ascending limb; DCT, distal convoluted
tubule; CNT, connecting tubule; CD, collecting duct; TA, titratable acid.
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3.4 Discussion

Calcium transport along superficial nephrons in male and female rat kidneys was inves-
tigated by extending the renal epithelial isolated cell models to a nephron model. The
current models have expanded previously published models for male rat kidney [79] and
female rat kidney [91] to incorporate Ca2+ transport.

The model predicts that approximately 68% of calcium reabsorption occurs along the prox-
imal tubule (PT), including the S3 segment, in male rats, and approximately 62% in female
rats. Paracellular transport accounts for about 80% of the total reabsorption, with the re-
maining being transcellular transport, in superficial nephrons of both male and female rat
kidneys. These values are consistent with experimental animal studies [52]. Apical L-type
channels facilitate the influx of calcium through the cell membrane of PT cells. In the ep-
ithelial PT cell calcium is mainly extruded by PMCA, but the exact mechanisms of calcium
extrusion within these cells are not fully understood [155]. Claudins, a family of proteins,
play a crucial role in the paracellular transport of Na+ and calcium Ca2+ in the PT, as PT
cells are highly permeable to calcium due to the presence of pore-forming cation-specific
claudin members such as claudins 2, 10a, and 17 [22]. Animal experiments have demon-
strated a close coupling between paracellular transport of calcium and Na+ transport [127].
The activity of Na+-K+-ATPase establishes a steep transcellular sodium gradient, result-
ing in a low intracellular concentration of [Na+] and a high extracellular concentration of
[Na+]. This gradient promotes the reabsorption of Na+ ions primarily through the action
of NHE3 [138]. The lumen positive ∆Vte along with the lumen-to-innerspace calcium con-
centration gradient, facilitates paracellular calcium transport through electrodiffusion. PT
is known to be highly permeable to volume transport, allowing for calcium transport via
solvent drag. However, our model predicts that only approximately 10% of total paracel-
lular transport can be attributed to convection in both sexes, indicating a lesser role of
convection in paracellular calcium transport. Some studies have reported the presence of
CaSR at the apical membrane along the PT, although their function is not fully under-
stood [2, 119]. Interestingly, elevation of interstitial PTH levels, which promotes increased
calcium reabsorption in the TAL, has been found to have an inhibitory effect on calcium
transport in the PT. This inhibitory effect can be attributed to the inhibitory effects of
PTH on NHE3 [18].

SDL has been shown to have a very low calcium permeability [120]. In contrast, the
tight junctions of TAL are considerably more permeable to calcium due to the presence of
claudins-10, claudin-16 (also known as paracellin-1), and claudin-19, which facilitate para-
cellular transport of calcium [62]. This is further supported by our model, which predicts
paracellular calcium reabsorption of approximately 22% along the TAL in the male model
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and 18% in the female model, with higher reabsorption in the cortical limb compared to the
medullary part, consistent with observations from animal experiments [42]. Similar to PT,
calcium reabsorption in TAL is dependent on Na+ reabsorption, and alterations in tran-
scellular and paracellular sodium transport can significantly affect calcium reabsorption.
CaSR expressed at the basolateral membrane of TAL cells acts as a regulator of paracel-
lular calcium transport by mainly modulating claudin-16 phosphorylation based on the
interstitial calcium concentration [96]. CaSR also has an inhibitory effect on the activity
of non-calcium-specific channels and transporters. In vivo experiments on rats have shown
that increasing calcium concentration from 1.1 to 5 mM results in an approximately 84%
decrease in the activity of the renal outer medullary potassium channel (ROMK) [16]. In
another in vivo experiment with the treatment of calcimimetic on male mice, phosphoryla-
tion of the sodium-potassium-chloride cotransporter (NKCC2) decreased by approximately
50%, without changing NKCC2 expression levels [16].

Studies have shown that the apical calcium channel TRPV5 is predominantly expressed
along DCT2, with lower expression in CNT [94]. The model predicts a higher reabsorption
along DCT2 compared to CNT in both sexes, as a result of the higher expression of TRPV5
in DCT2 in both male and female models. NCX1 account for ∼70% of calcium extrusion
from the cell and its activity is dependent on luminal and interstitial [Na+]. Paracellular
transport, on the other hand, is negligible along this segment as the pore-forming cation
claudins are minimally expressed [62]. CaSR is colocalized with NCC along DCT and has
a small inhibitory effect on its activity, although other functions of CaSR in this segment
are not yet fully understood [16]. Immunohistochemical studies on mouse kidneys have
shown higher TRPV5 protein expression along the DCT2-CNT segment in female mouse
kidneys compared to males [64]. Our model also takes into account this higher TRPV5
expression in the female model, and predicts a significantly greater calcium reabsorption
in the female model compared to the male model, in both DCT2 and CNT segments.

Along CD, there has been reported to have no significant transcellular calcium transport
and minimal paracellular permeability based on studies conducted in isolated CCD cells
of rabbits [27]. Animal experiments have provided evidence of the presence of CaSR on
the apical membrane of cells in the OMCD and IMCD. In isolated mouse OMCD cells,
it has been shown that increased luminal [Ca2+] leads to elevated HATPase activity in
type A cells, as observed in a study in Ref. [118]. Similarly, in perfused rat IMCD cells,
CaSR has been shown to decrease apical water permeability in response to elevated luminal
calcium concentration, as reported in a study by Sands et al. in 1997 [123]. These findings
highlight the role of CaSR in regulating renal tubular function and its potential involvement
in calcium handling in the collecting ducts.
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Chapter 4

Nephron Model: Effects of Ca2+ and
Na+ Transporter Inhibition

This chapter explores the effects of inhibiting calcium channels, such as TRPV5, and
calcium exchangers, such as NCX1, alongside reducing paracellular calcium permeability
along PT and TAL. Furthermore, the effects of inhibiting sodium transporters, such as
NHE3, NKCC2, NCC, and ENaC, on calcium transport along the superficial nephron in
male and female rats are investigated. The results show that NCX1 and TRPV5 inhibition,
as well as a decrease in paracellular calcium permeability along TAL, lead to high urinary
calcium excretion in both male and female models. Decreasing calcium permeability along
PT results in slightly higher urinary calcium excretion, as the loss of calcium reabsorption
along PT is compensated in TAL. Furthermore, inhibiting NHE3, NKCC2, and NCC also
results in high urinary calcium excretion, while inhibiting ENaC leads to lower urinary
calcium excretion in both male and female models. The chapter also discusses the differ-
ences in segmental calcium compensation between male and female models. Finally, the
discussion summarizes the results and provides further insights into the implications of the
findings.
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4.1 Effects of Ca2+ Transporter Inhibition

4.1.1 TRPV5 and NCX1 Inhibition

TRPV5

The effect of complete inhibition of TRPV5 expression along DCT2-CNT on urine calcium
transport was investigated in both male and female models. The delivery and transport of
Na+ and Ca2+ are summarized in Fig. 4.1 and Fig. 4.2, respectively.

The model results indicate that complete inhibition of TRPV5 only caused a negligible in-
crease in Na+ transport along DCT2-CNT (approximately 1-3% in both male and female
models). As there is no transcellular reabsorption of calcium along DCT2-CNT, a signif-
icant increase in luminal calcium concentration occurred along the CD in both male and
female models, leading to hypercalciuria. The higher luminal Ca2+ concentration along
CD resulted in a slightly reduced Na+ urine excretion due to increased Na+ reabsorption,
resulting from a more positive lumen-positive ∆Vte (5% in male model and 12% in female
model). Furthermore, there was a significantly higher urine calcium excretion in both male
and female models (see Table 4.1). Notably, the female model showed a greater increase
in calcium excretion (468%) than the male model (243%), which can be attributed to the
higher expression levels of TRPV5 and NCX1 in the female model.

NCX1 Inhibition

The impact of full inhibition of the basolateral NCX1 pump on calcium transport was
investigated, and the segmental delivery and transport results of Na+ and Ca2+ are pre-
sented in Fig. 4.3 and Fig. 4.4, respectively. Complete inhibition of NCX1 had a negligible
effect on Na+ transport along DCT2-CNT. Moreover, as discussed in Chapter 3, NCX1
predominantly extrudes Ca2+ from the cell along the DCT2-CNT segment, with PMCA
being responsible for the remaining Ca2+ transport in both male and female models. Com-
plete inhibition of NCX1 is expected to significantly decrease calcium reabsorption along
DCT2-CNT in both male and female models (see Table 4.1), and PMCA does not suf-
ficiently compensate for the lack of the other basolateral efflux pathway. The increased
luminal Ca2+ concentration leads to a more positive lumen-positive ∆Vte, resulting in a
slight increase in Na+ transport along CD and a decrease in urinary Na+ excretion (see
Table, 4.1. There is a significant increase in urinary Ca2+ excretion, which is more notice-
able in the female model (228% vs 46%) due to the higher expression of both TRPV5 and
NCX1 compared to the male model.
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Figure 4.1: Comparison of segmental solute delivery of (A) Na+ (B) Ca2+ for male and
female models for base case, and for 100% inhibition in TRPV5 activity (TRPV5-100);
PT, proximal tubule; DL, descending limb; mTAL, medullary thick ascending limb; DCT,
distal convoluted tubule; CNT, connecting tubule; CCD, cortical collecting duct.

4.1.2 Decreasing Paracellular Calcium Permeability

Along the PT

Simulations were conducted to investigate the effects of decreasing PPara
Ca by 50% along the

PT. The delivery and transport plots are shown in Fig. 4.5 and Fig. 4.6. Decreasing PPara
Ca

by 50% has a negligible effect on Na+ transport and urinary Na+ excretion in both male
and female models. The results indicate that decreasing PPara

Ca along PT leads to only a
slight reduction in calcium transport along this segment in both male and female models.
This increased Ca2+ flow to the TAL, results in a higher lumen-to-lateral innerspace Ca2+
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Figure 4.2: Comparison of segmental solute transport of (A) Na+ and (B) Ca2+ for male
and female models for the base case, and for 100% inhibition of TRPV5 activity (TRPV5-
100); PT, proximal tubule; SDL, short descending limb; TAL, thick ascending limb; DCT,
distal convoluted tubule; CNT, connecting tubule; CD, cortical duct.

concentration gradient, resulting in compensation in calcium reabsorption along TAL. The
simulations resulted in a slight increase in calcium excretion, with male and female models
showing a 16% and 4% increase, respectively.

Along the TAL

A simulation was conducted to investigate the effects of a 50% reduction in paracellular
TAL permeability to Ca2+. The resulting Na+ and Ca2+ delivery and transport profiles
are shown in Fig. 4.7 and Fig. 4.8. Decreasing paracellular TAL permeability to Ca2+
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Figure 4.3: Comparison of segmental solute delivery of (A) Na+ (B) Ca2+ for male and
female models for base case, and for 100% inhibition of NCX1 activity (NCX1-100); PT,
proximal tubule; DL, descending limb; mTAL, medullary thick ascending limb; DCT, distal
convoluted tubule; CNT, connecting tubule; CCD, cortical collecting duct.

has a negligible effect on Na+ transport and urinary Na+ excretion (see Table. 4.1). It
was observed that calcium reabsorption along DCT2-CNT cannot sufficiently compensate
for the reduced reabsorption in the TAL. Furthermore, the elevated luminal Ca2+ con-
centration is insufficient to strongly stimulate transcellular calcium transport via TRPV5.
Consequently, the urinary excretion of Ca2+ is predicted to increase by 143% in the male
model and 140% in the female model.
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Figure 4.4: Comparison of segmental solute transport of (A) Na+ and (B) Ca2+ for male
and female models for the base case, and for 100% inhibition of NCX1 activity (NCX1-
100); PT, proximal tubule; SDL, short descending limb; TAL, thick ascending limb; DCT,
distal convoluted tubule; CNT, connecting tubule; CD, cortical duct.

4.2 Effects of Na+ Transporter Inhibition

4.2.1 NHE3 Inhibition

The Na+/H+ exchanger 3 (NHE3) is present at the apical membrane of PT and TAL
cells [8]. In this study, the inhibition of NHE3 was simulated at two different levels, i.e.,
50% and 80%. The simulations aimed to examine the impact of the inhibition on Ca2+
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Figure 4.5: Comparison of segmental solute delivery of (A) Na+ (B) Ca2+ for male and
female models for base case, and for 50% decrease in paracellular permeability of Ca2+

along PT (PT-50); PT, proximal tubule; DL, descending limb; mTAL, medullary thick
ascending limb; DCT, distal convoluted tubule; CNT, connecting tubule; CCD, cortical
collecting duct.

and Na+ transport in both male and female models. The choice to simulate 80% rather
than full inhibition (i.e., 100% inhibition of NHE3) is motivated by the presence of other
amiloride-sensitive Na+/H+ exchangers in the PT that may contribute significantly to Na+

reabsorption along this segment, while NHE3 is the only Na+/H+ exchanger represented in
the current model. Furthermore, NHE2 is also present at the TAL apical membranes [131].
Thus, for the simulations of 50% and 80% inhibition, NHE TAL expression was inhibited by
25% and 40% for medullary and cortical limbs, respectively. It was assumed that NHE3 was
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Figure 4.6: Comparison of segmental solute transport of (A) Na+ and (B) Ca2+ for male
and female models for the base case, and for 50% decrease in paracellular permeability if
Ca2+ along PT (PT-50); PT, proximal tubule; SDL, short descending limb; TAL, thick
ascending limb; DCT, distal convoluted tubule; CNT, connecting tubule; CD, cortical duct

inhibited for a sufficiently long time to allow changes in interstitial osmolarity to occur, but
before the initiation of compensatory mechanisms. Inhibition of NHE3 led to a substantial
increase in fluid delivery to the loops of Henle and CD, overwhelming the inner-medullary
concentrating effect. As a result, the medullary interstitial concentrations of Na+, K+,
Cl−, and urea were lowered as described in Ref. [79]. Similarly, it was assumed that the
interstitial concentration of calcium remained unaffected at the cortico-medullary junction
and the outer-inner medullary junction, but was reduced to 3 mM (from 4 mM under
baseline conditions) at the papillary tip. Furthermore, it was assumed that the increased
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Figure 4.7: Comparison of segmental solute delivery of (A) Na+ (B) Ca2+ for male and
female models for base case, and for 50% decrease in paracellular permeability of Ca2+

along TAL (TAL-50); PT, proximal tubule; DL, descending limb; mTAL, medullary thick
ascending limb; DCT, distal convoluted tubule; CNT, connecting tubule; CCD, cortical
collecting duct.

delivery of NaCl to TAL would activate the tubuloglomerular feedback (TGF) [79], which is
a mechanism that regulates the glomerular filtration rate in the kidney. As a result, SNGFR
was decreased accordingly by 8% and 30% with 50% and 80% inhibition, respectively.

The predicted segmental deliveries of Na+ and Ca2+ are shown in Figs. 4.9A and 4.9B
for both male and female models, respectively. NHE3 inhibition indirectly reduces Ca2+

reabsorption along the PT segment by substantially decreasing Na+ reabsorption, resulting
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Figure 4.8: Comparison of segmental solute transport of (A) Na+ and (B) Ca2+ for male
and female models for the base case, and for 50% decrease in paracellular permeability if
Ca2+ along TAL (TAL-50); PT, proximal tubule; SDL, short descending limb; TAL, thick
ascending limb; DCT, distal convoluted tubule; CNT, connecting tubule; CD, cortical duct

in a reduced ∆Vte and water reabsorption, leading to reduced convective and electrodiffusive
calcium transport in male and female models. This indicates similar calcium handling in
both male and female models in this segment (see PT transport column in Table. 4.2).

The decreased Ca2+ reabsorption in PT compared to the baseline leads to higher calcium
delivery to the subsequent segments, despite the reduction in SNGFR in both cases of
inhibition in both male and female models. Along the TAL, in the male model, the com-
peting effects of increased Na+ and reduced NHE expressions result in a minimal change
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Table 4.1: Effects of inhibiting Ca2+ specific proteins on calcium transport for in male
and female models. Solute transport and excretion are given in µmol·min−1. Percentage
changes from baseline values are shown in parentheses.

PT transport TAL transport DCT transport CNT transport Urinary excretion
Na+ Ca2+ Na+ Ca2+ Na+ Ca2+ Na+ Ca2+ Na+ Ca2+

Base case
Male 74.05 0.63 28.32 0.18 3.69 0.043 2.81 0.03 1.26 0.03
Female 44.85 0.45 34.5 0.13 4.03 0.07 0.31 0.047 1.0 0.025

TRPV5-100 (male) 74.05 (0%) 0.63 (0%) 28.32 (0%) 0.18 (0%) 3.74 (+1%) 0.0 (-100%) 2.83 (0%) 0.0 (-100%) 1.19 (-5%) 0.103 (+243%)
TRPV5-100 (female) 44.85 (0%) 0.45 (0%) 34.5 (0%) 0.13 (0%) 4.13 (+2%) 0.0 (-100%) 0.32 (+3%) 0.0 (-100%) 0.88 (-12%) 0.142 (+468%)

NCX1-100 (male) 74.05 (0%) 0.63 (0%) 28.32 (0%) 0.18 (0%) 3.7 (0%) 0.04 (-6%) 2.81 (0%) 0.019 (-36%) 1.24 (-1%) 0.044 (+46%)
NCX1-100 (female) 44.85 (0%) 0.45 (0%) 34.5 (0%) 0.13 (0%) 4.08 (+1%) 0.042 (-40%) 0.31 (0%) 0.019 (-59%) 0.92 (-8%) 0.082 (+228%)

PT-50 (male) 74.01 (0%) 0.59 (-6%) 28.32 (0%) 0.23 (+27%) 3.7 (0%) 0.043 (0%) 2.84 (+1%) 0.03 (0%) 1.29 (+2%) 0.035 (+16%)
PT-50 (female) 44.85 (0%) 0.45 (0%) 34.5 (0%) 0.13 (0%) 4.03 (0%) 0.07 (0%) 0.31 (0%) 0.047 (0%) 1.0 (0%) 0.026 (+4%)

TAL-50 (male) 74.05 (0%) 0.63 (0%) 28.36 (0%) 0.14 (-22%) 3.68 (0%) 0.044 (+2%) 2.81 (0%) 0.032 (+6%) 1.22 (-3%) 0.073 (+143%)
TAL-50 (female) 44.85 (0%) 0.45 (0%) 34.54 (0%) 0.09 (-30%) 4.02 (0%) 0.072 (+2%) 0.31 (0%) 0.049 (+4%) 0.95 (-5%) 0.06 (+140%)

in Na+ transport. In contrast, in the female model, the competing effect leads to a more
significant reduction (8% and 11% decrease for 50% and 80% inhibition, respectively) in
Na+ transport.

Furthermore, inhibiting NHE3 leads to decreased luminal NH+
4 levels, allowing for higher

binding of K+ to NKCC2 in both male and female models. However, it is important to
note that the influx of K+ is also dependent on the influx of Na+ via NKCC2. In the
case of 80% inhibition, we observe lower Na+ transport resulting in a decreased K+ influx
compared to 50% inhibition, for both male and female models (see TAL transport column
in Table. 4.2). In the male model, this altered influx of K+ and thus apical recycling of
K+ results in a small change in the lumen-positive ∆Vte along TAL, while in the female
model, it leads to a more positive ∆Vte in both cases of inhibition. Specifically, in the male
model, the change in lumen-positive ∆Vte results in a small change in Ca2+ transport for
50% inhibition and a negligible change for 80% inhibition of NHE3. On the other hand,
in the female model, NHE3 inhibition results in a 15% increase in calcium transport along
TAL for 50% inhibition and a 7% increase for 80% inhibition of NHE3.

Increased downstream Na+ delivery to DCT allows for transcellular Na+ reabsorption
through other Na+ channels and transporters. However, NHE3 inhibition leads to an in-
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crease in luminal pH downstream, resulting in increased TRPV5 conductance along DCT-
CNT. Nevertheless, inhibited NHE along DCT-CNT reduces the transcellular voltage gra-
dient necessary for transcellular Ca2+ reabsorption, leading to a small net reduction in
both cases of inhibition in both male and female models along DCT2-CNT.

The significantly decreased calcium reabsorption (as seen in the Urinary excretion column
in Table. 4.2) results in a 1.76-fold increase in calcium excretion for 50% inhibition and
a 2.30-fold increase for 80% inhibition in the male model, corresponding to a fractional
excretion of 5.9% and 8.7%, respectively. In the female model, we observe a 1.20-fold
increase in calcium excretion for 50% inhibition and a 2.04-fold increase for 80% inhibition.

Table 4.2: Effects of inhibiting Na+ transporters on sodium and calcium transport for male
and female models. Solute transport and excretion are given in µmol·min−1. Percentage
changes from baseline values are shown in parentheses.

PT transport TAL transport DCT transport CNT transport Urinary excretion
Na+ Ca2+ Na+ Ca2+ Na+ Ca2+ Na+ Ca2+ Na+ Ca2+

Base case
Male 74.05 0.63 28.32 0.18 3.69 0.043 2.81 0.03 1.26 0.03
Female 44.85 0.45 34.5 0.13 4.03 0.07 0.31 0.047 1.01 0.025

Na+ Transporter Inhibitions

NHE3-50 (male) 60.7 (-18%) 0.52 (-17%) 28.88 (+1%) 0.19 (+5%) 4.04 (+9%) 0.041 (-4%) 3.73 (+32%) 0.029 (-3%) 2.36 (+87%) 0.053 (+76%)
NHE3-50 (female) 36.81 (-17%) 0.38 (-15%) 31.49 (-8%) 0.15 (+15%) 5.27 (+30%) 0.055 (-21%) 1.59 (+412%) 0.044 (-6%) 1.66 (+66%) 0.03 (+20%)

NHE3-80 (male) 40.99 (-44%) 0.35 (-44%) 27.68 (-2%) 0.18 (0%) 4.76 (+29%) 0.043 (0%) 4.66 (+65%) 0.028 (-6%) 4.24 (+236%) 0.069 (+130%)
NHE3-80 (female) 26.83 (-40%) 0.29 (-35%) 30.38 (-11%) 0.14 (+7%) 5.87 (+45%) 0.071 (+1%) 3.51 (+1032%) 0.044 (-6%) 4.23 (+323%) 0.051 (+104%)

NKCC2-70 (male) 73.58 (0%) 0.63 (0%) 23.06 (-18%) 0.15 (-16%) 3.92 (+6%) 0.04 (-6%) 3.7 (+31%) 0.029 (-3%) 2.89 (+129%) 0.076 (+153%)
NKCC2-70 (female) 43.98 (-1%) 0.44 (-2%) 30.26 (-12%) 0.1 (-23%) 4.84 (+20%) 0.064 (-8%) 1.35 (+335%) 0.046 (-2%) 2.23 (+123%) 0.078 (+212%)

NKCC2-100 (male) 73.17 (-1%) 0.63 (0%) 5.77 (-79%) -0.02 (back leak) 4.42 (+19%) 0.035 (-18%) 5.49 (+95%) 0.021 (-30%) 14.62 (+1060%) 0.263 (+776%)
NKCC2-100 (female) 43.16 (-3%) 0.42 (-6%) 6.87 (-80%) -0.07 (back leak) 5.73 (+42%) 0.051 (-27%) 4.84 (+1461%) 0.036 (-23%) 19.63 (+1863%) 0.286 (+1044%)

NCC-70 (male) 74.05 (0%) 0.63 (0%) 28.32 (0%) 0.18 (0%) 2.56 (-30%) 0.045 (+4%) 3.47 (+23%) 0.027 (-10%) 1.54 (+22%) 0.031 (+3%)
NCC-70 (female) 44.85 (0%) 0.45 (0%) 34.5 (0%) 0.13 (0%) 3.04 (-24%) 0.065 (-7%) 0.9 (+190%) 0.044 (-6%) 1.16 (+16%) 0.033 (+32%)

NCC-100 (male) 74.05 (0%) 0.63 (0%) 28.32 (0%) 0.18 (0%) 1.18 (-68%) 0.042 (-2%) 4.12 (+46%) 0.023 (-23%) 2.0 (+58%) 0.037 (+23%)
NCC-100 (female) 44.85 (0%) 0.45 (0%) 34.5 (0%) 0.13 (0%) 0.71 (-82%) 0.049 (-30%) 2.4 (+674%) 0.038 (-19%) 1.69 (+69%) 0.054 (+116%)

ENaC-70 (male) 74.05 (0%) 0.63 (0%) 28.32 (0%) 0.18 (0%) 3.59 (-2%) 0.055 (+27%) 1.3 (-53%) 0.039 (+30%) 2.23 (+76%) 0.008 (-73%)
ENaC-70 (female) 44.85 (0%) 0.45 (0%) 34.5 (0%) 0.13 (0%) 3.92 (-2%) 0.084 (+20%) -0.27 (back leak) 0.051 (+8%) 1.53 (+53%) 0.007 (-72%)

ENaC-100 (male) 74.05 (0%) 0.63 (0%) 28.32 (0%) 0.18 (0%) 3.53 (-4%) 0.058 (+34%) -0.57 (back leak) 0.044 (+46%) 4.15 (+229%) 0.001 (-96%)
ENaC-100 (female) 44.85 (0%) 0.45 (0%) 34.5 (0%) 0.13 (0%) 3.86 (-4%) 0.088 (+25%) -0.93 (back leak) 0.052 (+10%) 2.56 (+156%) 0.001 (-96%)
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Figure 4.9: Comparison of segmental solute delivery of sodium (A) Na+ (B) Ca2+ for male
and female models for base case, and for 50% decrease in NHE3 activity (NHE3-50) and
80% decrease in NHE3 activity (NHE3-80); PT, proximal tubule; DL, descending limb;
mTAL, medullary thick ascending limb; DCT, distal convoluted tubule; CNT, connecting
tubule; CCD, cortical collecting duct.

4.2.2 NKCC2 Inhibition

The impact of inhibiting the Na+-K+-2Cl-− co-transporter (NKCC2), which is expressed
at the apical membrane of the TAL [9], on calcium transport was investigated. NKCC2
was inhibited by 70% and 100%. Inhibiting NKCC2 significantly reduces the kidney’s ax-
ial osmolarity gradient. Therefore, similar to NHE3 inhibition simulations, the medullary
interstitial concentrations of Na+, K+, Cl−, urea and Ca2+ are lowered as described in
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Figure 4.10: Comparison of segmental solute transport of (A) Na+ and (B) Ca2+ for male
and female models for base case, and for 50% decrease in NHE3 activity (NHE3-50) and
80% decrease in NHE3 (NHE3-80) activity; PT, proximal tubule; SDL, short descending
limb; TAL, thick ascending limb; DCT, distal convoluted tubule; CNT, connecting tubule;
CD, cortical duct.

Ref. [79]. With 100% NKCC2 inhibition, the axial cortico-medullary gradient of calcium
is completely abolished, thus reducing the interstitial concentrations to 1.25 mM at the
outer-inner medullary junction and papillary tip [46]. For 70% inhibition, interstitial con-
centrations of Na+, K+, Cl−, urea and Ca2+ were taken to be the average of the baseline and
100% inhibition, so that at the outer-inner medullary junction and papillary tip intersti-
tial calcium concentrations equal to 1.9 mM and 2.6 mM, respectively. NKCC2 inhibition
significantly diminishes TGF response [69, 109, 152], hence no alterations to SNGFR have
been made, consistent with rat experimental studies [121].
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In Figs. 4.11B and 4.12B the segmental deliveries and transport of Ca2+ for male and
female models are shown. NKCC2 inhibition does not directly impact S3 transport of
Ca2+. However, since medullary interstitial fluid osmolarity is reduced, it impedes the
concentration gradient of select solutes (Na+, K+, Cl−, urea, and Ca2+). The reduction
in interstitial Ca2+ concentration resulted in a slightly lower lumen-to-lateral innerspace
Ca2+ concentration gradient, causing a slight decrease in Ca2+ transport along S3 in both
male and female models (a reduction of ∼1-3%).

Along TAL, NKCC2 inhibition impairs the electrochemical gradient leading to a consider-
ably less positive ∆Vte for 70% inhibition for both male and female models, reducing the
paracellular transport of calcium significantly (a decrease of 21% in the male model and
23% in the female model). In the case of 100% inhibition, ∆Vte becomes negative along
TAL, leading to a small back leak of Ca2+ to the lumen (see Fig. 4.12), consistent with
experiments on isolated perfused cTAL mouse cells [41].

NKCC2 inhibition increases distal Na+ delivery, which in turn facilitates Na+ transport by
NHE along the DCT-CNT. As a result, luminal pH decreases along this segment, leading to
a reduced TRPV5 conductance and decreased transcellular calcium reabsorption (see DCT
and CNT columns in Table. 4.2). The considerably elevated Na+ influx results in increased
intercellular Na+ concentration, leading to a decreased Na+ influx and Ca2+ efflux from
the cell via NCX1. These observations are consistent in both male and female models.

The overall reduced reabsorption results in 2.53- and 8.776-fold increases in calcium ex-
cretion in the male model and 3.12- and 11.44- fold increases in calcium excretion in the
female model, leading to urinary fractional excretion of 8.5% and 30% in the male model,
and 10% and 37% in the female model for 70% and 100% NKCC2 inhibition, respectively.

4.2.3 NCC Inhibition

Simulations were performed to investigate the effects of inhibiting the Na+-Cl− cotrans-
porter (NCC) by 70% and 100%. NCC is expressed at the apical membrane of the
DCT [122] and is co-localized with TRPV5 at DCT2. Baseline interstitial concentrations
were assumed for the simulations.

The segmental delivery and transport of calcium for NCC inhibitions are depicted in
Figs. 4.13B and 4.14B. When NCC was inhibited by 70% and 100%, a significant reduction
in Na+ transport along DCT was observed in both male and female models (Fig. 4.14A).
NCC inhibitions led to decreased Na+ transport along DCT, resulting in an increase in
luminal Na+ concentration in this segment, which in turn increased the driving force for
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Figure 4.11: Comparison of segmental solute delivery of (A) Na+ and (B) Ca2+ for male
and female models for base case, and for 70% decrease in NKCC2 activity (NKCC2-70)
and 100% decrease in NKCC2 activity (NKCC2-100); PT, proximal tubule; DL, descend-
ing limb; mTAL, medullary thick ascending limb; DCT, distal convoluted tubule; CNT,
connecting tubule; CCD, cortical collecting duct.

Na+ reabsorption through other apical Na+ transporters in DCT, such as NHE2, lead-
ing to a decrease in luminal pH. Inhibition of NCC along DCT1 resulted in an increased
transcellular voltage gradient; however, the co-localization of ENaC along DCT2 gradually
mitigated this effect, leading to a competing effect on the transcellular voltage gradient in
DCT2. In the male model, this alteration had minimal impact on calcium transport. How-
ever, in the female model, where TRPV5 expression is considerably higher than in the male
model, the effects of lower pH on lowering the channel conductance were more noticeable
(see Table 4.2). The increased delivery of Na+ to CNT allowed for Na+ reabsorption via
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Figure 4.12: Comparison of segmental solute transport of (A) Na+ and (B) Ca2+ for
male and female models for base case, and for 70% decrease in NKCC2 activity (NKCC2-
70) and 100% decrease in NKCC2 (NKCC2-100) activity; PT, proximal tubule; SDL,
short descending limb; TAL, thick ascending limb; DCT, distal convoluted tubule; CNT,
connecting tubule; CD, cortical duct.

ENaC, resulting in a less favourable voltage gradient for transcellular calcium reabsorption,
as observed in both male and female models. The decreased transcellular voltage gradient,
along with lower luminal pH and consequently lower TRPV5 conductance, resulted in de-
creased Ca2+ reabsorption along CNT in both male and female models (see CNT transport
in Table. 4.2.

NCC inhibition results in an overall increase in urinary calcium excretion by 3% and 23% in
the male model and 32% and 116% for the female model for 70% and 100% NCC inhibition,
respectively.
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Figure 4.13: Comparison of segmental solute delivery of (A) Na+ and (B) Ca2+ for male
and female models for base case, and for 70% decrease in NCC activity (NCC-70) and 100%
decrease in NCC activity (NCC-100); CNT, connecting tubule; CCD, cortical collecting
duct.

4.2.4 ENaC Inhibition

Finally, the effects of inhibiting the epithelial Na+ channel (ENaC) on calcium transport
were investigated. ENaC is expressed at the apical membranes of DCT2, CNT, CCD,
OMCD, and IMCD segments [93, 60]. Baseline interstitial concentration values were used in
these simulations, and the segmental deliveries and transport of Ca2+ for these inhibitions
are shown in Figs. 4.15B and 4.16B. In vivo experiments conducted on rats administered
with amiloride revealed a sparing effect on the reabsorption of magnesium (Mg2+), leading
to an increase in the intracellular concentration of Mg2+. Increased [Mg2+] has an inhibitory
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effect on TRPV5 activity by binding to its selectivity filter [88]. Since Mg2+ is not included
in our model, we reduced TRPV5 expression by 10% for both the male and female models
in the case of 100% inhibition to reflect this effect in our simulations.

Inhibition of ENaC indirectly enhances calcium reabsorption by hyperpolarizing the api-
cal membrane, thereby increasing transcellular calcium influx via TRPV5. This effect is
consistent in both male and female models. Furthermore, reduced Na+ reabsorption along
the DCT2-CNT segment results in lower intercellular sodium concentrations, leading to
increased basolateral Na+ influx through NCX1, ultimately resulting in increased Ca2+

efflux.

By inhibiting ENaC for 70% and 100%, the reabsorption of calcium in the DCT2-CNT
segment increased considerably. Urinary fractional calcium excretion decreased to 0.43%
and 0.1% in the male model (compared to baseline fractional excretion of 4.7% and 3.2%),
and to 0.22% and 0.16% in the female model for 70% and 100% ENaC inhibition (compared
to baseline fractional excretion of 9.7% and 6.5% ), respectively. The male results are
consistent with in vivo experiments on male rats administered with amiloride, which showed
a considerable decrease in urinary calcium excretion [35].

4.3 Discussion

4.3.1 Ca2+ Specific Inhibition

The findings indicate that defects specific to Ca2+ in DCT2-CNT and PPara
Ca along TAL

are not compensated for downstream segments, while defect in PPara
Ca along PT are com-

pensated in both male and female models. Furthermore, in the female model, defects in
Ca2+ transport along DCT2-CNT result in a higher increase in urinary excretion of Ca2+

compared to the male model. This can be attributed to the higher expression of TRPV5
in the DCT2-CNT of the female model. However, both male and female models exhibit
similar behaviour in the case of defects in PPara

Ca .

4.3.2 NHE3 inhibition

NHE3 inhibition has a direct effect on Na+ reabsorption and an indirect effect on Ca2+

transport. NHE3 is responsible for the majority of Na+ transport in PT and, consequently,
for osmotically driven water reabsorption [95]. There have not been any microperfusion ex-
periments outlining the effects of altering NHE3 expression. However, NHE3 null mice have
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been shown to have a higher urinary calcium excretion [110]. Also in vitro experiments of
over-expressed NHE3 in mice PT cells have shown higher calcium reabsorption [110]. The
current model predictions have shown an increase of 77% and 153% in urinary calcium
excretion in the case of 50% and 80% NHE3 inhibition in the male model and 20% and
104% in the female model, respectively. Along PT, in both male and female models, the
decrease in the amount of calcium transport is in parallel with Na+ transport. Along TAL
in the male model due to the competing effects of increased Na+ delivery and decreased
NHE expression, we observe a minimal change in ∆Vte and therefore Ca2+ transport. In
the female model, NHE3 inhibition results in elevated ∆Vte resulting in a net increase of
Ca2+ reabsorption along this segment. NHE3 inhibition in both male and female models
results in increased urinary calcium excretion for both cases of inhibition.

4.3.3 NKCC2 inhibition

Furosemide is the diuretic of choice for inhibiting NKCC2. Increased urinary loss of Ca2+

have been reported in human subjects and mice [84, 85], due to the effects of furosemide
of diminishing the positive ∆Vte along TAL [39]. In the acute case of administrating
furosemide in mice experiments, elevated Ca2+ excretion has been observed [85]. The
current model predictions show a significant renal calcium loss in the case of both 70% and
100% inhibition, by mainly disrupting calcium reabsorption along TAL via diminishing the
lumen-positive voltage gradient. In the case of 100% inhibition, ∆Vte becomes negative
along TAL and we see a small back leak to the lumen, consistent with in vitro experiments
on isolated cTAL mice cells [41]. The loss in calcium reabsorption will not be compensated
in the DCT2-CNT segment in both male and female models, and model predictions show
a significantly increased urinary calcium excretion.

4.3.4 NCC inhibition

Thiazide treatment has been shown to inhibit the Na+-Cl− cotransporter (NCC) and de-
crease urinary Ca2+ excretion [30, 69]. Thiazide reduces Na+ reabsorption along the distal
convoluted tubule (DCT) and increases volume excretion, leading to decreased extracel-
lular fluid volume. As a compensatory response, micro-puncture experiments on chronic
hydrochlorothiazide-treated mice have shown an upregulation in Na+ and Ca2+ reabsorp-
tion along the proximal tubule (PT) due to overexpression of Na+/H+ exchanger 3 (NHE3)
along this segment, followed by unaffected Ca2+ reabsorption along the DCT, resulting in
an overall increase in Ca2+ reabsorption and hypocalcemia [107]. This effect has been ob-
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served in patients with both hypo- and hyperparathyroidism, indicating its independence
from parathyroid hormone (PTH) [30].

Interestingly, in our model where we do not include any alterations in Na+ reabsorption
along the PT, we predict an increase in urinary calcium excretion with thiazide treat-
ment. This contrast between the models may be attributed to our model not reflecting the
potential cross-talk between PT and DCT in the regulation of calcium handling.

4.3.5 ENaC inhibition

In vivo experiments on rats treated with amiloride have demonstrated a decrease in uri-
nary calcium excretion [35]. ENaC inhibition induces hyperpolarization, allowing increased
transcellular calcium influx via TRPV5 along DCT2-CNT. In our simulations, this effect
resulted in a considerable increase in calcium reabsorption along DCT2-CNT, which is con-
sistent in both male and female models leading to a decrease in urinary calcium excretion.
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Figure 4.14: Comparison of segmental solute transport of (A) Na+ and (B) Ca2+ for
male and female models for base case, and for 70% decrease in NCC activity (NCC-70)
and 100% decrease in NCC (NCC-100) activity; DCT, distal convoluted tubule; CNT,
connecting tubule; CD, cortical duct.
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Figure 4.15: Comparison of segmental solute delivery of (A) Na+ and (B) Ca2+ for male and
female models for base case, and for 70% decrease in ENaC activity (ENaC-70) and 100%
decrease in ENaC activity (ENaC-100); CNT, connecting tubule; CCD, cortical collecting
duct.
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Figure 4.16: Comparison of segmental solute transport of (A) Na+ and (B) Ca2+ for
male and female models for base case, and for 70% decrease in ENaC activity (ENaC-70)
and 100% decrease in ENaC (ENaC-100) activity; DCT, distal convoluted tubule; CNT,
connecting tubule; CD, cortical duct
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Chapter 5

Conclusion

Calcium is a vital mineral that plays a key role in maintaining several physiological pro-
cesses, including muscle function, nerve transmission, and bone health [102]. The precise
levels of ionized calcium in the body are essential for sustaining life. The kidney serves as a
primary regulator of calcium excretion [127], and understanding the transport and regula-
tion of calcium in the kidney and the differences between sexes is of high importance. Such
an understanding can provide valuable insight into renal calcium handling in both males
and females and enhance our knowledge of the mechanisms that govern calcium home-
ostasis in the body. This knowledge can lead to the identification of potential therapeutic
targets and the development of new strategies to manage calcium-related disorders.

Conducting animal experiments to fully understand the complex mechanisms of calcium
transport and regulation can be challenging or even impossible. In this context, in silico
experiments provide a valuable tool to achieve a better understanding of the dynamic
processes involved in calcium handling along the nephron in the kidney. Furthermore, there
is limited knowledge about sex differences in renal calcium handling, which underscores the
need for further research. By leveraging in silico experiments, we can conduct experiments
that would enable us to better understand and characterize these differences.

In summary, this thesis focused on exploring the transport and regulation of calcium along
the superficial nephron in male and female rat kidneys. First, we discussed the anatomy and
physiology of the kidney and epithelial solute and water transport along the nephron. Then,
we described the isolated renal epithelial cell models, with a specific emphasis on renal
calcium transport. We identified and elaborated on the specific segments of the nephron,
where calcium reabsorption occurs, and delved into the differences in renal calcium handling
between male and female rat kidneys. Notably, based on animal experiments [64], there are
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sex differences along the PT and DCT2-CNT, with higher transcellular and paracellular
permeability to calcium in the PT, and a higher expression of TRPV5 along DCT2-CNT
in the female rat kidney model compared to the male rat (see Section. 2.6).

The nephron model is then introduced, which simulates calcium transport with 15 other
solutes along the superficial nephron in both male and female rat kidneys. The simula-
tions show lower calcium reabsorption along the PT and TAL, and higher reabsorption
along DCT2-CNT in the female rat kidney model compared to the male rat kidney (see
Fig. 3.5B). Furthermore, the simulation results showed a higher urinary calcium excretion
in the male rat kidney model compared to the female rat kidney model (see Fig. 3.4B),
which is consistent with the findings from animal experiments [64].

Finally, we analyze the effects of calcium-specific and sodium-specific perturbations on
renal calcium handling, uncovering insights into how these perturbations impact calcium
transport and how the effects differ between male and female rat kidneys. We saw that
calcium-specific inhibitions have negligible effects on sodium transport along the nephron
(see Table. 4.1), whereas inhibiting sodium-specific transporters have a major effect on
renal calcium transport along the superficial nephron in the male and female rat kidneys.
inhibiting NHE3, NKCC2, and NCC in both male and female rats exhibit a significant
increase in urinary calcium excretion in both male and female models, whereas for ENaC
inhibition we saw a decrease in urinary excretion in both male and female models (see
Table. 4.2.

5.1 Limitations

Recent mathematical models have advanced our understanding of renal tubular function
by accurately accounting for solute and water transport, revealing insights into transport
pathways, driving forces, and coupling mechanisms. Nevertheless, as noted in Ref. [146],
these models have limitations that can be divided into two categories: those that result
from insufficient experimental data and those that stem from the model structure itself.
Given the current study’s focus on renal calcium transport, we discuss the limitations of
computational models of kidney function in renal calcium handling.

As discussed in Chapter 1, nephrons in the kidney can be classified as either superficial
or juxtamedullary, based on the location of the glomerulus. Superficial nephrons have
glomeruli located near the surface of the kidney and give rise to a shorter loop of Henle
that only penetrates the outer medulla, whereas juxtamedullary nephrons have both a
longer loop of Henle and penetrate deep into the renal medulla [100]. In rats, the to-
tal number of nephrons is 36,000, with only 1/3 of them being juxtamedullary nephrons
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(i.e., 24,000 superficial nephrons and 12,000 juxtamedullary nephrons) [149]. Our model
focuses on a single representative nephron, without differentiation between superficial and
juxtamedullary nephrons, although luminal concentrations at the mTAL inlet may vary sig-
nificantly with the length of Henle’s loop [76, 104]. The model also assumes fixed interstitial
concentration gradients along the cortico-medullary axis due to the lack of consideration
of the complex architecture of the medulla.

Transport pathways that are not fully characterized pose a challenge to the development
of mathematical models. For instance, in our case, we chose to use the NCX1.1 isoform,
which is the predominant isoform in cardiac cells and has a known kinetic model, instead of
creating a kinetic model for the NCX1.3 isoform, which is the predominant isoform in renal
epithelial cells. Moreover, incorporating newly discovered proteins in specific segments of
the nephron into the model can be challenging when their functional importance is unclear,
such as in the case of CaSR along the nephron. In our simulations, we included the effects
of CaSR along various segments, such as TAL, DCT, and CD. However, the function of
CaSR along the PT is yet to be fully understood [96]. Mathematical models can generate
hypotheses in such situations, but experimental validation is necessary.

Furthermore, it should be noted that model parameters are typically derived from a com-
bination of in vivo and in vitro measurements, which can introduce heterogeneity in the
model including calcium-specific parameters that need to be considered. In the context of
renal calcium handling in female models, there are still uncertainties regarding the direct
effects of steroid hormones and other sex-specific differences between male and female rat
kidneys [70]. Further animal experiments are required to fully elucidate sex differences in
terms of calcium-specific protein expressions in the male and female rat kidneys. Finally,
the model does not represent the circadian rhythms that are known to be exhibited by
GFR and renal transporter abundance [142, 78].

5.2 Future Work

Our present study on renal calcium handling paves the way for potential future investiga-
tions, some of which are outlined below:

Multi Nephron Model. The current model of renal calcium handling is based on the dy-
namics of calcium transport in the superficial nephron. However, as noted above, the
nephron population in the kidney is heterogeneous, with differences in structure and func-
tion between the superficial and juxtamedullary nephrons. Therefore, to obtain a more
comprehensive understanding of renal calcium handling, the current model can be extended
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to include juxtamedullary nephrons, as was done in Refs [66, 65, 81]. To investigate the
heterogeneity in calcium transport and regulation in the nephron population.

Magnesium Transport. Since magnesium transport and regulation along the nephron is
closely related to calcium [114], it is would be worthwhile to extend the current model
to represent the dynamics of renal magnesium handling and its interactions with calcium
transport.

Effects of Diabetes in Renal Calcium Handling. The effects of diabetes on renal calcium
handling have been observed in clinical trials [99], animal experiments [15], and previous
models of epithelial solute and water transport in diabetic rats [82]. In diabetes the kidney
undergoes several changes such as hyperfiltration (e.g., SNGFR goes up), tubular hyper-
trophy, and alterations in renal transporter abundance as previously investigated in renal
epithelial solute transport models [82, 81], resulting in increased sodium excretion. As cal-
cium transport is closely linked to sodium transport, alterations in sodium handling in di-
abetes impact renal calcium handling as well. Moreover, studies in streptozotocin-induced
diabetic rats have shown changes in protein expression, such as increased expression of
TRPV5 [86]. Therefore, investigating renal calcium handling in male and female rats with
diabetes could provide further insights into the complex interactions between diabetes and
renal calcium handling.

Effects of Pregnancy in Renal Calcium Handling. During pregnancy, there are significant
changes in hormone levels, along with structural changes such as hyperfiltration, tubular
hypertrophy, and alternations in transporter abundance in the kidney which can affect renal
calcium handling. For example, the hormone estrogen can increase the activity of calcium
transporters in the kidneys, leading to increased calcium reabsorption [57]. On the other
hand, the hormone progesterone can decrease calcium reabsorption by promoting calcium
excretion [113]. Moreover, during lactation, there is an increased demand for calcium
to support milk production [72], which can further affect renal calcium handling. Thus,
further investigation is needed to better understand the mechanisms underlying pregnancy-
related changes in renal calcium handling, and the current model can be extended to explore
these effects.

Whole Body Calcium Homeostasis. The regulation of calcium homeostasis is a complex
process that involves multiple feedback mechanisms and interactions between different
organs such as the intestine, the kidneys and the bones. Therefore, a comprehensive
understanding of whole-body calcium regulation requires a systems-level approach that
integrates the renal calcium handling model with other models of calcium transport and
regulation in the body. Such a model could help to elucidate the role of the intestine and
bones in maintaining calcium balance and provide insights into the pathogenesis of calcium-
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related disorders, such as osteoporosis and hypercalcemia. Furthermore, this integrated
model could be used as a tool to facilitate the development of new therapeutic strategies
for the treatment of these conditions by identifying key targets for intervention in the
complex network of calcium regulation.
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[84] WP Leary, AJ Reyes, RD Wynne, and K Van der Byl. Renal excretory actions
of furosemide, of hydrochlorothiazide and of the vasodilator flosequinan in healthy
subjects. Journal of international medical research, 18(2):120–141, 1990.

[85] Chien-Te Lee, Hung-Chun Chen, Li-Wen Lai, Kim-Chong Yong, and Yeong-Hau H
Lien. Effects of furosemide on renal calcium handling. American Journal of
Physiology-Renal Physiology, 293(4):F1231–F1237, 2007.

[86] CT Lee, YH H Lien, LW Lai, JB Chen, CR Lin, and HC Chen. Increased renal
calcium and magnesium transporter abundance in streptozotocin-induced diabetes
mellitus. Kidney international, 69(10):1786–1791, 2006.

[87] Jae Wook Lee, Chung-Lin Chou, and Mark A Knepper. Deep sequencing in microdis-
sected renal tubules identifies nephron segment–specific transcriptomes. Journal of
the American Society of Nephrology, 26(11):2669–2677, 2015.

[88] Jason Lee, Seung-Kuy Cha, Tie-Jun Sun, and Chou-Long Huang. Pip2 activates
trpv5 and releases its inhibition by intracellular mg2+. The Journal of general phys-
iology, 126(5):439–451, 2005.

96



[89] DAVID LEPPLA, RICHARD BROWNE, KATHY HILL, and CHARLES YC PAK.
Effect of amiloride with or without hydrochlorothiazide on urinary calcium and
saturation of calcium salts. The Journal of Clinical Endocrinology & Metabolism,
57(5):920–924, 1983.

[90] Joseph Levy, James R Gavin III, and James R Sowers. Diabetes mellitus: a dis-
ease of abnormal cellular calcium metabolism? The American journal of medicine,
96(3):260–273, 1994.

[91] Qianyi Li, Alicia A McDonough, Harold E Layton, and Anita T Layton. Functional
implications of sexual dimorphism of transporter patterns along the rat proximal
tubule: modeling and analysis. American Journal of Physiology-Renal Physiology,
315(3):F692–F700, 2018.

[92] YH Li. S. g regory. 1974. diffusion of ions in sea water and in deep-sea sediments.
Geochim. Cosmochim. Acta, 38:703–714, 1974.

[93] Johannes Loffing and Christoph Korbmacher. Regulated sodium transport in the
renal connecting tubule (cnt) via the epithelial sodium channel (enac). Pflügers
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Joost GJ Hoenderop, René JM Bindels, et al. Enhanced passive ca 2+ reabsorption
and reduced mg 2+ channel abundance explains thiazide-induced hypocalciuria and
hypomagnesemia. The Journal of clinical investigation, 115(6):1651–1658, 2005.

[108] BE CHRISTOPHER NORDIN, ALLAN G NEED, HOWARD A MORRIS,
MICHAEL HOROWITZ, and WILLIAM G ROBERTSON. Evidence for a renal
calcium leak in postmenopausal women. The Journal of Clinical Endocrinology &
Metabolism, 72(2):401–407, 1991.

98



[109] Mona Oppermann, Diane Mizel, Soo Mi Kim, Limeng Chen, Robert Faulhaber-
Walter, Yuning Huang, Cuiling Li, Chuxia Deng, Josie Briggs, Jurgen Schnermann,
et al. Renal function in mice with targeted disruption of the a isoform of the na-k-2cl
co-transporter. Journal of the American Society of Nephrology, 18(2):440–448, 2007.

[110] Wanling Pan, Jelena Borovac, Zachary Spicer, Joost G Hoenderop, René J Bindels,
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