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Abstract

Hypertension is the leading cause of cardiovascular disease and premature death world-
wide. It is a highly multi-factorial disease associated with multiple risk factors and
patho-physiological changes, including impaired kidney function and an over-active renin-
angiotensin system (RAS). Many hypertensive actions of angiotensin II (Ang II), the pri-
mary bio-active product of the RAS, are mediated within the kidney; an organ that also
expresses and independently regulates all RAS constituents. The interconnected nature
of the systems involved makes it difficult, and in many cases impossible, to identify their
individual contributions to the observed pathology in vivo. Thus, the goal of this thesis
is to investigate the role of the local intrarenal RAS in the pathogenesis and progres-
sion of hypertension in silico. In particular, we first developed a computational model of
the intrarenal and systemic RASs in isolation to unravel the mechanisms that mediate the
former’s over-activity in Ang II infused hypertensive rats (an experimental model of hyper-
tension). Then, by extending the model to include a pharmacokinetic (PK) representation
of an angiotensin receptor blocker (ARB), a common RAS-modulating anti-hypertensive
therapy, we examined the impact of this class of medication on the kidney. Lastly, by
coupling our model to one of whole-body blood pressure regulation in the rat and creating
the first model of long-term blood pressure regulation that considers a intrarenal RAS, we
zoomed back out to determine how the aforementioned effects actually contribute to blood
pressure dis-regulation.

Our results suggest that Ang II accumulates in the kidney during the development of
Ang II-induced hypertension because of enhanced angiotensin type 1 receptor (AT1R)-
mediated uptake of circulating Ang II, which is facilitated by positive feedback on in-
trarenal AT1R expression. By inhibiting this feedback loop, and others inherent to the
intrarenal RAS, ARBs effectively prevent intrarenal Ang II levels from increasing. How-
ever, it is rather by restricting Ang II to extracellular regions of the kidney that ARBs
effectively restore normotension. In the absence of treatment, rising concentrations of cell-
associated Ang II act to increase blood pressure by stimulating sodium reabsorption along
the nephron. The timing of this response also affects blood pressure dynamics. Indeed,
slow-pressor hypertension is a consequence of systemic and intrarenal RAS decoupling:
The progressive accumulation of Ang II in the kidney permits the sequential activation of
sodium reabsorption by aldosterone, then Ang II. Our results shed light on the functional
importance of the intrarenal RAS in hypertension induced by Ang II infusion, and thus
clinical hypertension associated with an over-active RAS.
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Chapter 1

Introduction

Cardiovascular disease affects nearly half of the American population and has been a
leading cause of death in Canada and the Unites States for over two decades [16, 8].
Globally, the number of deaths attributed to cardiovascular disease is rising. Hypertension,
or chronic high blood pressure, is the world’s number one risk factor for cardiovascular
mortality [8]. It is estimated to have impacted nearly 25% of all Canadian adults over 20
years of age from 2016 to 2019 [15]. In 2015, 1.52 billion adults were affected around the
world [8].

Hypertension is a highly complex, multi-factorial disease associated with many patho-
physiological changes, including arterial stiffening, impaired renal sodium handling, in-
creased renal sympathetic tone, and an over-active renin-angiotensin system (RAS). Since
many of these systems interact with one another, it is difficult, and in many cases impos-
sible, to narrow the conditions inception to a single cause. Nevertheless, treatments that
target one of two main components – the kidney and the RAS – have proven highly effective
in reducing elevated blood pressure [60, 130]. Many experimental models of hypertension
have therefore been devised to study clinical hypertension stemming from the impairment
of each of these systems [88, 134]. In the studies presented in this thesis, clinical hyper-
tension associated with an overactive RAS in particular will be examined through the lens
one such experimental model – hypertension induced by Ang II infusion.

Ang II is the primary bio-active product of the RAS. It increases blood pressure by
inducing vasoconstriction, increasing renal sympathetic nervous activity (RSNA), and stim-
ulating sodium reabsorption [36, 144]. Given that many of these actions take place within
the kidney, an organ which has recently been found to not only express, but independently
regulate, all components of the RAS [122, 109, 38, 37, 107, 70, 40, 180, 182, 21, 114], the
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significance of the local intrarenal RAS to the pathology and development of hypertension
has recently come into focus.

In Ang II–induced hypertensive rats, there is a progressive rise in intrarenal Ang II that
cannot be explained on the basis of equilibration with the plasma Ang II concentration
([Ang II]) [184, 31, 40, 93]. A similar decoupling of the systemic and intrarenal RAS has also
been observed in other experimental models of hypertension, such as: two-kidney, one-clip
Goldblatt hypertension [18], salt-sensitive rats [168], and spontaneously hypertensive rats
[150]. Given the commonality of this signature across pre-clinical models, our understand-
ing of clinical hypertension would necessarily be improved by studying the mechanisms
both upstream (causes) and downstream (effects) of intrarenal RAS over-activation.

For many decades, computational modelling has provided a useful tool to study a broad
range of physiological and patho-physiological systems and applications in medicine [68].
These models prove particularly useful when studying systems that are multi-factorial in
nature, such as blood pressure regulation, because once a model is developed that includes
all components of interest, they can be individually turned on/off to examine their impact
on the network as a whole. These in silico experiments are difficult to perform in vivo,
because the contributing mechanisms are often fundamentally connected. Furthermore,
when one mechanism is removed experimentally, the others often adjust to compensate.

In the studies presented in this thesis, we take advantage of these computational ben-
efits to gain insight into role of the intrarenal RAS in hypertension. In particular, novel
computational models of the intrarenal RAS and of a common RAS-modulating anti-
hypertensive therapy are developed and used to simulate hypertension induced by Ang
II infusion under control and treated conditions. In these studies, we seek to answer the
questions: What mechanisms mediate the progressive rise in intrarenal Ang II that accom-
panies hypertension induced by Ang II infusion? How does this over-activation contribute
to blood pressure dis-regulation? How are these responses altered by treatment with RAS-
modulating anti-hypertensive therapies? How does this explain the effectiveness of these
treatment strategies in preventing clinical hypertension? To motivate these questions and
the techniques used to answer them, we first discuss the relevant background of blood
pressure physiology (Section 1.1) and provide a history of existing computational models
in the field (Section 1.2). Then, in the Chapters that follow, hypotheses for each of these
questions will be developed, tested, and discussed.
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1.1 Regulators of blood pressure

Blood pressure is a highly regulated variable in the body, with stabilizing mechanisms
acting on both short and long time scales. Central to the pathogenesis of hypertension is
the disruption of the body’s long-term regulators – the kidney and the RAS.

1.1.1 The kidney

The kidney is a collection of nephrons; small “filters” specially designed to reabsorb useful
substances while allowing waste to pass and be excreted in urine [121]. Each nephron
comprises of the renal corpuscle and the renal tubule. Solutes and water from the blood
are filtered at the level of the renal corpuscle by the glomerulus, a tightly interconnected
cluster of capillaries, into Bowman’s capsule. The glomerulus is structurally supported by
the mesangium, which comprises of mesangial cells and the mesangial matrix [100, 137].
From Bowman’s capsule, the filtered fluid (the filtrate) enters the renal tubule to be fine-
tuned via reabsorption (removing solutes or volume) and secretion (adding solutes) prior
to its excretion in urine. The renal tubule is lined by a single layer of epithelial cells that
separate the luminal fluid from the surrounding interstitial space. The apical membrane
of these tubular epithelial cells faces the lumen, while their basolateral membrane faces
the interstitial space. These membranes express a variety of transporters to facilitate the
transcellular (through-cell) reabsorption and secretion of solutes and volume, though para-
cellular (between-cell) transport also occurs. The expression of these transporters and the
inter-cell permeability are highly regulated using a combination of hormonal, neural, and
intrarenal signals to maintain proper solute and volume balance in the body [121]. Im-
portantly, different segments of the nephron are regulated by different factors and contain
different epithelial cell types and transporters to specialize their function. The main (or-
dered) segments of the nephron include: the proximal tubule, the loop of Henle, the distal
tubule, and the collecting duct. A diagram of the nephron and its vasculature (summarized
below) is provided in Figure 1.1.

Blood flows into the kidney via the renal artery at the level of the renal hilum at a
rate referred to as the renal blood flow [161]. In the kidney, the renal artery branches into
smaller and smaller vessels before eventually becoming the afferent arterioles – the vessels
that supply blood to the glomerulus. What remains of the blood after glomerular filtration
is taken away by the efferent arterioles. The efferent arterioles subsequently become the
peritubular capillaries; the vessels which descend into the kidney and wrap around the
renal tubules. This capillary network not only supplies renal cells with the oxygen and
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nutrients they need to survive, but it also facilitates the reabsorption and secretion of
substances between the blood and the renal tubules. The tree-like nature of the renal
arterial vasculature is mirrored by the renal venous vasculature. Ultimately, the newly
filtered blood leaves the kidney via the renal vein.

Because the afferent/efferent arterioles surround the glomerulus, their resistance is a
key determinant of the glomerular filtration rate and of glomerular pressure [161]. If
glomerular pressure is too high, as indicated by a high glomerular filtration rate, the
delicate capillaries of the glomerulus could be damaged, rendering the filter unusable. If
the filtration rate is too low, then the tubular epithelium may not receive the blood flow that
it needs to effectively fine-tune the filtrate. Hence, glomerular filtration is tightly regulated
through the control of afferent/efferent arteriole diameter via a variety of auto-regulatory
mechanisms (e.g., tubuloglomerular feedback [78, 74] and myogenic response [19], hormones
and neural factors, including Ang II (see Section 1.1.2).

The kidney and blood pressure regulation Kidney function is the body’s primary
determinant of blood pressure over long time scales [44]. Indeed, transplantation studies
have shown that hypertension “goes with” the kidney; transplanting a kidney from a hy-
pertensive rat into a normotensive rat causes hypertension in the recipient [41]. The kidney
primarily regulates blood pressure via the pressure natriuresis effect, whereby increases in
renal perfusion pressure cause greater amounts of sodium to be excreted in urine [63].
Since water reabsorption largely “follows” sodium, this also results in a greater fluid ex-
cretion, which lowers blood volume and therefore, blood pressure. An abnormal pressure
natriuresis mechanism is observed in all cases of chronic hypertension: Sodium excretion
is maintained despite the increased blood pressure [48]. As detailed below, the RAS is one
of the most powerful regulators of this pressure natriuresis mechanism and consequently,
of blood pressure [1, 63].

1.1.2 The renin-angiotensin system

Since the discovery of renin in 1898, the concept of a systemic RAS as an important
endocrine regulator of blood pressure has long been established [7]. The cascade begins
with the release of the substrate angiotensinogen (AGT) from the liver [175, 114] and its
conversion into angiotensin I (Ang I) by plasma renin activity (PRA). Renin is secreted
from the juxtaglomerular apparatus of the kidney; a structure which lies adjacent to the
glomerulus [175, 114]. As Ang I circulates in the bloodstream, it is cleaved into many
other forms of angiotensin, including Ang II and Ang (1-7), which each have their own
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Figure 1.1: Diagram of a superficial nephron and the associated vasculature.

effects in the body. The most well-studied pathway is Ang I’s conversion into Ang II
by chymase and angiotensin-converting enzyme (ACE) activity. To prevent the system’s
under- or over-activation, Ang II moderates renin’s secretion into the circulation via a
feedback response [84]. This process, along with all hypertensive actions of Ang II (see
below), are mediated by its binding to AT1Rs. Ang II may also bind to angiotensin type
2 receptors (AT2Rs) to induce opposing effects on blood pressure, however this process is
less well-studied. Therefore, in this thesis we focus primarily on the ACE/Ang II/AT1R
axis. A schematic representation of this axis of the cascade is provided in Figure 1.2a.
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(a) Hormones (grey), enzymes (white squares), and receptors (white ovals) of the
classical RAS cascade. Dotted blunted arrow represents negative feedback.

(b) AT1R-mediated intrarenal (green) and systemic (black) effects of Ang II.

Figure 1.2: Schematic representation of the RAS cascade and its hypertensive effects.

In the past two decades, the traditional view of the RAS has been expanded with the
discovery of functional local RASs in diverse tissues and organs, including the pancreas,
liver, intestine, heart, kidney, vasculature, carotid body, and adipose, as well as the nervous,
reproductive, and digestive systems [89]. Over the years, the clinical importance of these
local systems has continued to gain traction, especially with regards to cardiovascular
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disease [89]. Specifically in the context of hypertension, the importance of the intrarenal
RAS has been particularly emphasized given the centrality of the kidney in blood pressure
regulation and the many connections that exist between this organ and the RAS (see
below).

All key components of the RAS are expressed within the kidney, including, but not
limited to AGT, renin, Ang I, ACE, Ang I, Ang II, and AT1Rs [122, 109, 38, 37, 107, 70,
40, 180, 182, 21, 114, 71, 175, 93]. These components are also independently regulated,
resulting in local Ang II production from multiple mechanisms that are independent of the
systemic RAS [71]. In particular, AGT [107, 109, 70, 40, 72, 138] and renin [122, 109, 38, 37]
are synthesized and secreted in the proximal tubule and collecting duct, respectively. The
local production of both of these molecules is up-regulated by Ang II itself via an AT1R-
dependent mechanism, creating a positive feedback loop with regards to endogenous Ang
II production in the kidney. Another source of intrarenal positive feedback is the Ang
II- and AT1R-dependent up-regulation of apical and basolateral proximal tubule epithelial
cell AT1R expression [180, 182, 21]. Greater AT1R expression enhances AT1R-Ang II
binding and intracellular uptake, which leads to more AT1R expression, and so on and so
forth. Each of these positive feedback loops, up-regulated Ang II production and AT1R
expression, have been hypothesized to play a role in how the intrarenal RAS becomes
over-activated and de-coupled from the systemic RAS in hypertensive conditions [71, 180].

The renin-angiotensin system and blood pressure regulation The RAS primarily
regulates blood pressure by modifying kidney function and therefore, fluid homeostasis. It
does so by controlling the glomerular filtration rate and sodium reabsorption via a com-
bination of direct and indirect, but interconnected factors (summarized in Figure 1.2b).
Indeed, by binding to AT1Rs, Ang II stimulates vasoconstriction, renal sympathetic ac-
tivity, aldosterone production, and the activity of various sodium transporters along the
nephron [36, 144]. Both renal vasoconstriction and increased renal sympathetic activity
effect glomerular filtration rate by adjusting afferent and efferent arteriole diameter. In-
creased aldosterone production, a hormone secreted from the adrenal glands, stimulates
sodium reabsorption in the distal tubule and collecting duct [9]. This, in combination
with Ang II’s direct effects on sodium transporters in the proximal tubule, leads to greater
sodium and fluid reabsorption along the entire length of the nephron. Given the signif-
icant interactions between Ang II and kidney function, improving our understanding of
intrarenal RAS activity in control and pathophysiological conditions is critical, should we
wish to fully comprehend blood pressure regulation and its related pathologies.

To study the behaviour of the intrarenal RAS in hypertension in particular, many
studies have relied on Ang II infusion experiments, a common protocol used to induce
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hypertension in pre-clinical models. One aspect of this protocol that remains to be under-
stood is: there is a progressive rise in intrarenal Ang II that cannot be explained on the
basis of equilibration with the plasma [Ang II] [184, 31, 40, 93]. Several mechanisms have
been proposed to explain the renal accumulation of Ang II in Ang II-induced hypertension,
including: enhanced AT1R–mediated uptake of circulating Ang II and increased intrarenal
endogenous Ang II production [71, 109, 141, 142, 159, 180, 70, 72, 35, 40, 94, 141, 183].
Each pathway relies on a different source of intrarenal positive feedback (summarized
above). However, their individual contribution to the over-activation of the intrarenal
RAS in hypertension has yet to be delineated. Answering this question is the primary
focus of Chapter 3. The functional importance of these effects in the context of blood
pressure dis-regulation is studied in Chapter 5.

In general, the importance of the RAS in blood pressure regulation is evidenced by
the effectiveness of RAS inhibitors as anti-hypertensive treatment strategies [60]. Indeed,
between 2005 and 2016 over 60% of American adult hypertensive patients were prescribed
an angiotensin-converting enzyme inhibitor (ACEi) or an ARB as part of their mono- or
poly-therapeutic hypertension treatment regiment [26]. Both of these drugs function to
inhibit the hypertensive actions of Ang II, but they do this via different mechanisms: ARBs
selectively bind to and block AT1Rs to prevent Ang II binding and signalling, while ACEi
reduce the pool of Ang II available to bind to AT1Rs by targeting ACE activity.

Despite their popularity, the manner in which these anti-hypertensive therapies target
the intrarenal RAS remains incompletely understood. To yield better insights, many of
the Ang II infusion studies outlined above have been accompanied by treatment with a
RAS inhibitor, most commonly the ARB Losartan [184, 183]. During these experiments,
Losartan restores normotension and consistently prevents intrarenal Ang II levels from ris-
ing. Whether the latter effect functionally contributes to the former response has yet to be
elucidated. Nevertheless, the blockage of all intrarenal positive feedback loops, also known
as the “key point breakdown effect” has been proposed to explain this behaviour [170].
In Chapter 4, we explore this hypothesis using a novel computational model of Losartan
and RAS peptide dynamics. In doing so, we elucidate the ways in which ARBs target
intrarenal RAS activity to prevent hypertension. This computational approach has fre-
quently been used to investigate the effects of anti-hypertensive therapies on the systemic
RAS and blood pressure. Below, we provide a summary of these models, among others
that describe the RAS and blood pressure regulation.
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1.2 History of computational models

As aforementioned, to investigate the role of the intrarenal RAS in blood pressure regula-
tion and to study how ARBs target this local RAS to treat hypertension, we use computa-
tional models to describe each of these components – the RAS, ARBs, and blood pressure
regulation. Many published models have been built to describe each of these systems both
separately and in combination. Below, we describe some of the major contributions to the
field to contextualize and motivate the models and studies presented in this thesis.

1.2.1 Renin-angiotensin system models

Systemic RAS models A number of computational models of the RAS have been
published, though the vast majority focus on the systemic RAS. Most of these models
have been designed to study the effects of RAS-modulating anti-hypertensive therapies and
thus focus primarily on the ACE/Ang II/AT1R axis [149, 54, 123]. To explain why ACEis
lower blood pressure, even though genetic variations in ACE expression have little impact
on blood pressure, Takahashi et al. [149] developed a model of the ACE/Ang II/AT1R axis
that also incorporates bradykinin’s effects on ACE and blood pressure. Model simulations
suggest that small variations in ACE activity, such as those resulting from genetic variation,
may be offset by bradykinin to regulate Ang II levels. This is no longer the case for large
variations in ACE activity, such as those resulting from ACEis, causing Ang II levels and
thus, blood pressure to decrease.

In 2018, a more comprehensive model that considers key RAS peptides, including AGT,
Ang I, Ang II, Ang (1-7), Ang IV, AT1Rs, and AT2Rs, was developed by Leete et al. [84].
Four distinct parameter sets were identified to describe the behaviour of male/female nor-
motensive/hypertensive rats. The models were used to explain sex differences in anti-
hypertensive treatment efficacy [147]. The male model’s dynamic equations form the basis
for the systemic RAS model outlined in Chapter 2.

Intrarenal RAS models Only two models of the intrarenal RAS have been developed
previously [135, 95]. The first model [135] was designed to estimate the intrarenal dis-
tribution of Ang II and AT1/2Rs at steady state. Schalekamp and Danser [135] found
that arterially-delivered (endocrine) Ang II mainly acts in the renal corpuscle, whereas
intrarenally-produced (paracrine) Ang II mainly acts in the renal tubule. These regional
distinctions were proposed to explain why the kidney responds to low levels of endocrine
Ang II despite expressing high levels of paracrine Ang II. A key limitation of this model
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however is that it does not consider temporal dynamics and therefore it cannot be used
to study how the intrarenal RAS changes as blood pressure rises during the development
of hypertension or as blood pressure falls following treatment with RAS-modulating anti-
hypertensive therapies.

The second model [95] was developed as a case study to showcase the potential ben-
efits of computational modelling in the drug development process. In particular, Lo et
al. proposed several model extensions and in silico experiments that could be used to
study the effects of anti-hypertensive therapies on the intrarenal RAS. While their baseline
model does consider the rate of change of key RAS peptides (unlike that of Ref. [135]), it
is limited in that it does not differentiate between intracellular and extracellular compart-
ments of the kidney. This distinction must be made to effectively study intrarenal RAS
over-activation in hypertension, given the hypothesized importance of AT1R-mediated up-
take of circulating Ang II to this response. Indeed, this Ang II accumulation mechanism
relies on the uptake of Ang II into distinct intracellular compartments where the peptide
is protected from degradation. If these compartments are not represented in the model,
then this mechanism cannot be simulated.

Importantly, neither Lo et al.’s [95] nor Schalekamp and Danser’s [135] intrarenal
RAS models include positive feedback on AGT, renin, or AT1R expression in the kidney.
Since these pathways are the hypothesized mediators of intrarenal RAS dis-regulation in
hypertension and the proposed targets of ARB treatment, they must be considered by any
model aimed at studying the role of the intrarenal RAS in the development of hypertension.

Angiotensin receptor blocker models In published computational models, the effect
of ARBs on the RAS is often represented implicitly via a parameter that reduces Ang
II-AT1R binding by an arbitrary target amount [84, 95]. This approach is beneficial when
aiming to study or compare the qualitative effects of ARB administration on one or more
populations. For example, Leete et al. [84] used this approach to compare how male and
female rats may respond to an ARB that reduces Ang II-AT1R binding by 50% and 90%
of control. However, a similar approach is not possible when we know how much of a
specific ARB has been administered and we want to predict its effect. This is because the
relationship between drug dosage and Ang II-AT1R binding is rarely, if ever, explicitly
experimentally quantified.

In these cases, a pharmacokinetic/pharmacodynamic (PK/PD) model can be of value.
PKs describe the concentration-time series of a drug following its administration at a
certain dosage and pharmacodynamics (PDs) describe the resulting effect on the system
of interest [99]. Therefore, a PK/PD model of an ARB may describe the drugs plasma
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concentration-time series and its resulting effect on blood pressure. Ten PK/PD models of
this nature were developed by Csajka et al. [24] to inform drug dosage recommendations for
different ARBs. However, the models were limited in that their PD component consisted
of a hypothetical effect compartment whose drug concentration was assumed to directly
decrease blood pressure; the physiological processes connecting the drug with its effect were
not considered. More detailed PK models of commonly prescribed ARBs have also been
created, such as that of Losartan by Karatza and Karalis [65], which was used to study
gastric emptying in humans. To our knowledge, such a PK model has yet to be coupled to a
detailed physiology-based model of the intrarenal RAS or of blood pressure regulation (see
below). As discussed in Chapter 4, the resulting PK/PD model would provide an excellent
opportunity to study the mechanisms underlying ARB pharmacodynamics [23]. A similar
approach – coupling a PK model of a common RAS inhibitor to a pharmacodynamic model
of the ACE/Ang II/AT1R axis – has been used to study the effects of other classes of RAS
inhibitors, such as direct renin inhibitors [54] and ACEis [123] previously.

1.2.2 Blood pressure regulation models

In 1972, Guyton and Coleman [45] pioneered the field of computational physiology with
their seminal circulation model. Their model comprises of components that describe cardio-
vascular function, circulatory dynamics, renal hemodynamics, kidney function, respiratory
function, neurohormonal feedback, autonomic nervous system activity, and electrolyte bal-
ance. Model simulations highlight the paramount importance of kidney function and in
particular, the regulation of sodium and water balance, in the control of blood volume,
and thus blood pressure. Since its development, the Guyton model has been rigorously
studied, validated, and extended to answer a variety of questions related to blood pressure
regulation.

To design a human physiological model capable of targeting both the short- and the
long-term regulation of blood pressure, Thomas et al. [152] incorporated Ikeda et al. [61]’s
detailed representation of body fluid regulation and kidney function into the Guyton model.
In 2010, Guillaud and Hannaert [42] added AGT, Ang I, Ang II, aldosterone, and their
effects on vascular resistance to the resultant model, creating the first blood pressure
regulation model that incorporated the RAS. This extension allowed the modelling of
patients with hypertension and cardiavascular renal disease.

In 2005, Karaaslaan et al. [64] took the Guyton model in another direction when they
added the effect of RSNA on sodium reabsorption and renin secretion. A detailed RAS
sub-model was then added to this version of the Guyton model by Hallow et al. [49]
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to simulate RAS-modulating anti-hypertensive therapies with more accuracy. In 2019,
this RAS sub-model was replaced with one that is sex-specific [84, 85]. By additionally
representing sex differences in baseline aldosterone levels and the reactivity of RSNA, Leete
and Layton [85] aimed to identify which factors contribute to sexually dimorphic responses
to anti-hypertensive therapies.

The first sex-specific computational model of long-term blood pressure regulation in
the rat came in 2020, following the re-parameterization of Leete and Layton [85]’s human
model by Ahmed and Layton [1]. The resultant model, which accounted for differences
in size, renal hemodynamics, and RAS hormone concentrations, was used to interpret the
results of various animal experiments relating to pressure natriuresis, sodium sensitivity,
and Ang II infusion.

While the aforementioned models provide valuable insights into the many different as-
pects of blood pressure regulation, none of these models incorporate the intrarenal RAS.
As a result, all actions of the RAS, even those mediated within the kidney, are assumed
to be regulated by systemic Ang II levels. This simplification becomes particularly prob-
lematic during an investigation of hypertension where the systemic and intrarenal RASs
become de-coupled. Therefore, in this thesis (Chapter 5) the first long-term blood pressure
regulation model in the rat that accounts for the intrarenal RAS is developed by building
on the model of Ahmed and Layton [1].

1.3 Outline of thesis

We begin our analysis of the intrarenal RAS in hypertension by developing a compart-
mental ODE model of the RAS in Chapter 2. Following our analysis of the system at
steady state, the baseline model is extended and built upon in subsequent Chapters to
answer a variety of questions. Indeed, in Chapter 3 various sources of intrarenal positive
feedback are added to the model to elucidate the mechanisms by which Ang II accumulates
in the kidney during the development of Ang II-induced hypertension. A mathematical
formalism to simulate Ang II infusion experiments is also introduced. Chapter 2 and
Chapter 3 are largely based on our published work in the Journal of Mathematical Biol-
ogy [143]. In Chapter 4, a PK model of the ARB Losartan and its bio-active metabolite
EXP3174 is developed and coupled to our RAS model to investigate the local effects of
ARBs within the kidney. Coupling is achieved via Losartan- and EXP3174-AT1R-binding
in the systemic and intrarenal compartments. Simulation results obtained using the resul-
tant PK/PD model shed light on how ARBs influence the general activity of the intrarenal
RAS, and therefore blood pressure regulation. In Chapter 5, we couple our RAS model
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to one of whole-body blood pressure regulation in the rat [1] to create the first long-term
blood pressure regulation model that considers the intrarenal RAS. Results highlight the
functional importance of the intrarenal RAS in the development of hypertension induced
by Ang II infusion, and consequently, clinical hypertension associated with an over-active
RAS. Finally, in Chapter 6 we summarize the results presented in this thesis and discuss
directions for future work.
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Chapter 2

Computational modelling of the rat
intrarenal and systemic renin
angiotensin system: Steady state
results and analysis

In this Chapter, a novel computational model of the intrarenal and systemic RAS is in-
troduced. This model forms the basis for all subsequent studies presented in this thesis,
focused on the role of the intrarenal RAS in hypertension. How the model is extended
to simulate Ang II infusion experiments and the administration of the ARB Losartan is
outlined in Chapters 3 and 4, respectively. The model’s coupling to a whole-body blood
pressure regulation model is discussed in Chapter 5.
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2.1 Intrarenal RAS model

The intrarenal model considers Ang I and Ang II dynamics across four tissue compartments:
the glomerular compartment, the peritubular compartment, the tubular compartment, and
the vasculature compartment. The vasculature compartment comprises both the lymphatic
vasculature and the post-glomerular blood vasculature. The pre-glomerular blood vascu-
lature is considered part of the systemic circulation compartment (Section 2.2). The other
compartments are subdivided into extracellular and intracellular regions, connected to one
another via AT1R- and megalin-dependent [39, 120] Ang II internalization. Since Ang I
does not bind to AT1Rs and its binding to megalin is unknown, Ang I is assumed to be
restricted to the extracellular regions. This assumption is consistent with data from [62],
which indicates that intracellular Ang I comprises a negligible portion of total renal Ang I
(4%).

The luminal fluid constitutes the extracellular region of the tubular compartment and
the extracellular matrix and interstitial fluid of the renal interstitial space [178], hereafter
referred to as the interstitial space, comprises the extracellular region of both the glomerular
compartment and the peritubular compartment. The glomerular and peritubular intersti-
tial space is separated at the level of the glomerular vascular pole, such that the glomeru-
lar interstitial space represents the mesangial matrix and extraglomerular fluid, while the
peritubular interstitial space represents the intertubular and extravascular space of the
kidney. The intracellular region of the glomerular compartment comprises mesangial cells,
whereas that of the tubular and peritubular compartments comprises tubular epithelial
cells. The intracellular tubular and peritubular regions differ in that the former is specific
to apically-derived molecular structures, while the latter is specific to basolaterally-derived
molecular structures. The model compartments are consistent with those of Schalekamp
and Danser [135]’s steady state model. A visual representation of each compartment as
they appear in the kidney is presented in Figure 2.1a, with the physiological processes
connecting the compartments outlined in Fig 2.1b.

The mathematical formalisms used to model the aforementioned processes are described
in detail below. The structure of the equations describing Ang I, Ang II, AT1R–bound
Ang II, and AT1R dynamics are similar, albeit not exactly the same, across all renal
compartments. Therefore, we introduce general equations describing each variable in the
intracellular (L = Cell), membrane–bound (L = Memb), and extracellular (L = Ext)
regions of each compartment C (C = Gl, T b, P t, Pv) in Section 2.1.1, before detailing
the specifics of each compartment in Sections 2.1.2 – 2.1.5.
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(a) Visualization of each model compartment.

(b) Physiological processes that connect each model compartment.

Figure 2.1: Schematic representation of the RAS model compartments.
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2.1.1 General model equations

The Ang I and Ang II dynamics in renal sub-compartment CL (L = Ext, Cell) can be
described by the following equations:

d[AngI]Ext
C

dt
(t) =

1

V Ext
C

(∑
j

QCExt
inj

[AngI]Ext
Cinj

(t)−QCExt
out [AngI]Ext

C (t)

)

− cCACE[AngI]
L
C(t)

− kCL
lys [AngI]

L
C(t)

+ kCAngI(t)

(2.1)

d[AngII]LC
dt

(t) =
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C
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QCL
inj

[AngII]
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Cinj
(t)−QCL

out[AngII]
L
C(t)

)

+ cCACE[AngI]
L
C(t)

− kCL
lys [AngII]

L
C(t)

+ kdiss[AT1R− bound AngII]LC(t)

− kass[AngII]
L
C(t)[AT1R]

L
C(t)

(2.2)

The first line of each equation represents the balance between the j fluxes into sub-
compartment CL from sub-compartment Cinj Linj

with rate QCL
inj

and the flux out of sub-

compartment CL with rate QCL
out. The number of incoming fluxes j differs for each com-

partment, as summarized in Table 2.1. V L
C is a parameter describing the volume of each

sub-compartment (Table 2.2). The second line represents the conversion of Ang I to Ang
II by local ACE activity with rate cCACE. The third line represents peptide degradation
with rate kCL

lys . Intracellular Ang II is assumed to be degraded by lysosomes and peptide X
(X = Ang I, Ang II) in the renal post-glomerular blood vasculature is assumed to decay
according to its half life hX :
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kCL
lys =


0 if C ̸= Pv, L = Ext

klys if C ̸= Pv, L = Cell

ln 2/hX if C = Pv

The rest of the expressions used to describe the dynamics of Ang I and Ang II differ.
Indeed, the fourth and fifth lines of Eq. 2.2 represent the unbinding and binding of Ang II
to AT1Rs with rates kdiss and kass, respectively. Finally, as described by the last line of Eq.
2.1, Ang I is endogenously produced from local AGT and renin activity. kCAngI (Eq. 3.4)
is assumed to be constant, given that renal renin activity has been shown to be conserved
during Ang II infusion experiments [141].

The equation describing membrane–bound (L = Memb) and intracellular (L = Cell)
AT1R–bound Ang II dynamics in each compartment C is given by:

d[AT1R− bound AngII]LC
dt

(t) = kass[AngII]
L
C(t)[AT1R]

L
C(t)

− kdiss[AT1R− bound AngII]LC(t)

+ kCL
int [AT1R− bound AngII]Memb

C (t)

(2.3)

The first line represents the binding of Ang II to AT1Rs with rate kass, the second line
represents the unbinding of Ang II from AT1Rs with rate kdiss, and the third line represents
membrane-bound AT1R–bound Ang II internalization. We allow for intracellular Ang II
and AT1R re-binding given the recent evidence that internalized Ang II can interact with
cytoplasmic AT1Rs to induce intracellular signalling cascades [31]. A simplified model of
AT1R binding that does not consider membrane-bound AT1R–bound Ang II internaliza-
tion was implemented in the renal post-glomerular blood vasculature compartment (and
systemic model, see Section 2.2), due to the substantial uncertainties in key variables such
as the volume of such an intracellular compartment and the concentration of intracellular
endothelial Ang II. Hence:

kCL
int =


−kint if C ̸= Pv and L =Memb

kint
V Ext
C

V Cell
C

if C ̸= Pv and L = Cell

0 if C = Pv

The equation describing intracellular AT1R dynamics in the glomerular, tubular, and
peritubular compartments (C = Gl, T b, P t) is given by:
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d[AT1R]Cell
C

dt
(t) = kdiss[AT1R− bound AngII]Cell

C (t)

− kass[AngII]
Cell
C (t)[AT1R]Cell

C (t)

− krec[AT1R]
Cell
C (t)

(2.4)

The first line represents the unbinding of Ang II from AT1Rs with rate kdiss, the
second line represents the binding of Ang II to AT1Rs with rate kass, and the third line
represents the recycling of internalized AT1Rs back to the cell membrane. It is assumed
that the AT1Rs are recycled back to the same membrane (basolateral or apical) and thus
compartment (peritubular or tubular) from which they originate in tubular epithelial cells.

Finally, the equation describing the concentration of membrane-bound AT1Rs,
[AT1R]Memb

C (t) in the tubular and peritubular compartments (C = Tb, P t) is given by:

d[AT1R]Memb
C

dt
(t) = kdiss[AT1R− bound AngII]Memb

C (t)

− kass[AT1R]
Memb
C (t)[AngII]Ext

C (t)

+ krec
V Ext
C

V Cell
T b,P t

[AT1R]Cell
C (t)

(2.5)

Consistent with intracellular AT1R dynamics in these two compartments (Eq. 2.4), the
first line represents the unbinding of Ang II from AT1Rs with rate kdiss, the second line
represents the binding of Ang II to AT1Rs with rate kass, and the third line represents the
recycling of internalized AT1Rs back to the cell membrane from which they originate. This
equation differs in the glomerular and vasculature compartments, hence a compartment-
specific derivation of these equations as well as a description of those outlined above is
given in Sections 2.1.2–2.1.5 below.

2.1.2 Glomerular compartment

A small fraction of the renal plasma flow ϕRPF enters the glomerular interstitial space
(denoted ϕGl) [87], contributing to an influx of circulating Ang I and Ang II to this sub-
compartment. This influx is balanced by drainage into the luminal fluid with flow rate
ϕGl. Given the lack of data surrounding ACE activity and the concentration of Ang I and
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Ang II in the glomerulus, we set kGl
AngI = cGl

ACE = 0. Furthermore, to derive the equation
for membrane-bound AT1R dynamics, we assume that the total amount of AT1Rs in the
glomerular compartment is conserved, such that:

V Exp
Gl [AT1R]Memb

Gl (t) = AT1Rtot
Gl−

(
V Exp
Gl [AT1R− bound AngII]Memb

Gl (t)

+ V Cell
Gl [AT1R− bound AngII]Cell

Gl (t)

+ V Cell
Gl [AT1R]Cell

Gl (t)
) (2.6)

2.1.3 Tubular compartment

Ang I and Ang II are filtered from the systemic circulation with rate ϕGFR, reabsorbed
transcellularly across the tubular epithelium, and cleared in the urine with rate ϕU . Since
the mechanism underlying Ang I reabsorption across the tubular epithelium is largely
unknown, we model this as a simple diffusion between extracellular compartments with
rate kdiff , as done in Ref. [135]. In contrast, Ang II transcytosis has been shown to
depend on both megalin- and AT1R-binding in cultured opossum kidney cells, a model of
proximal epithelia [120]. Therefore, both megalin- and AT1R-Ang II binding are modelled
along the apical membrane. However, given that far less is known about megalin as a
receptor for Ang II, megalin is assumed to bind and internalize Ang II at a constant rate
kmeg for simplicity. In terms of AT1R–bound Ang II endocytosis, as in the glomerular
compartment, we assume that the total amount of tubular AT1Rs is conserved in healthy
steady state conditions. Nevertheless, a dynamic equation for [AT1R]Memb

Tb is given in
Eq. 2.5 to facilitate extending the model in Section 3.2.1 to consider positive feedback on
apical AT1Rs in conditions where local Ang II concentrations are elevated.

2.1.4 Peritubular compartment

Ang I and Ang II are reabsorbed transcellularly from the luminal fluid into the peritubular
interstitial space as described in Section 2.1.3. In particular, Ang I diffuses along its con-
centration gradient with rate kdiff and apically-derived intracellular Ang II is transported
into the peritubular interstitial space with rate ktrans. Peritubular interstitial peptides are
then drained via the lymphatic vasculature and reabsorbed into the renal post-glomerular
blood vasculature at rates proportional to fluid flow ϕL and ϕPv, respectively. Conserva-
tion of flow is assumed, such that ϕPv = ϕGl + ϕGFR − ϕL − ϕU . Moreover, peritubular
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AT1Rs behave identically to tubular AT1Rs in that their total concentration is conserved
in healthy steady state conditions (Eq. 2.5). Once again however, a dynamic equation for
[AT1R]Memb

Pt is given in Eq. 2.5 to facilitate the addition of positive feedback on basolateral
AT1Rs in conditions where local Ang II concentrations are elevated (Section 3.2.1).

2.1.5 Post-glomerular blood vasculature compartment

The amount of renal plasma flow that does not enter the nephron or glomerular interstitial
space, i.e. ϕRPF −ϕGl−ϕGFR, enters the efferent arterioles, bringing a proportional amount
of circulating Ang I and Ang II with it. Also impacting the rate of change of the Ang I
and II concentrations at this level is re-absorption from the peritubular interstitial space
at a rate proportional to fluid flow ϕPv and loss via the renal vein. Once again, flow is
assumed to be conserved with concentrations of Ang I and II proportional to

ϕRPF − ϕGl − ϕGFR + ϕPv = ϕRPF − ϕGl − ϕGFR + ϕGl + ϕGFR − ϕL − ϕU

= ϕRPF − ϕL − ϕU

being returned to the systemic circulation.

As aforementioned, a simplified model of AT1R binding that does not consider membrane-
bound AT1R–bound Ang II internalization was implemented in the post-glomerular blood
vasculature. Instead, the total concentration of AT1Rs in this compartment [AT1R]totPv is
assumed to remain constant:

[AT1R]Memb
Pv (t) = [AT1R]totPv − [AT1R− bound AngII]Memb

Pv (t) (2.7)

2.1.6 Whole kidney concentrations

The amount of Ang I and Ang II in each renal compartment described above are summed
to equal total renal concentrations in units of fmol/g kidney.

[AngI]T (t) = V Ext
Gl [AngI]Ext

Gl (t) + V Ext
Pt [AngI]Ext

Pt (t)

+ V Ext
Tb [AngI]Ext

Tb (t) + VPv[AngI]Pv(t)
(2.8)
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[AngII]T (t) = V Cell
P t,T b

(
[AngII]Cell

P t (t) + [AT1R− bound AngII]Cell
P t (t)

)
+ V Cell

P t,T b

(
[AngII]Cell

T b (t) + [AT1R− bound AngII]Cell
T b (t)

)
+ V Cell

Gl

(
[AngII]Cell

Gl (t) + [AT1R− bound AngII]Cell
Gl (t)

)
+ V Ext

Pt

(
[AngII]Ext

Pt (t) + [AT1R− bound AngII]Memb
Pt (t)

)
+ V Ext

Tb

(
[AngII]Ext

Tb (t) + [AT1R− bound AngII]Memb
Tb (t)

)
+ V Ext

Gl

(
[AngII]Ext

Gl (t) + [AT1R− bound AngII]Memb
Gl (t)

)
+ VPv

(
[AngII]Pv(t) + [AT1R− bound AngII]Memb

Pv (t)
)

(2.9)

A summary of the parameters outlined in Eqs. 2.1 – 2.5 specific to each sub-compartment
is given in Table 2.1. The complete set of intrarenal model equations is provided in Ap-
pendix A.

2.2 Systemic RAS model

The systemic RAS model is based on those in Refs. [84] and [1]. Modifications were made
to couple the systemic model to the intrarenal model, as well as to the AT1R–Ang II
binding and plasma renin activity formalisms.

The rate of change of the plasma AGT concentration ([AGT ]circ) is governed by its
endogenous production at a constant rate kAGT , conversion to Ang I by renin, and degra-
dation with a half-life hAGT .

d[AGT ]circ
dt

(t) = kAGT − PRA(t)− ln 2

hAGT

[AGT ]circ(t) (2.10)

As in Ref. [84], PRA is assumed to follow Michaelis-menten kinetics, with the Michaelis
constant KM reflecting the concentration of AGT where PRA is half-maximal. However,
similarly to the formulation by Ahmed and Layton [1], the maximal activity is assumed to
depend linearly on the plasma renin concentration (PRC), with rate constant vmax. In this
way, sufficient concentrations of both renin and AGT are required to generate sufficient
PRA:

PRA(t) = vmax PRC(t)
[AGT ]circ(t)

KM + [AGT ]circ(t)
(2.11)
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L C

Parameters

Ang QCL
inj

[AngX]
Linj

Cinj
(t) QCL

out cCACE kCL
lys kCAngI(t) kCL

int

Ext

Gl I, II ϕL [AngX]circ(t) ϕL 0 0 0 –

Tb

I
ϕGFR [AngI]circ(t)

kdiff + ϕU

cTb
ACE 0

kTb
AngI

–
ϕGl [AngI]Ext

Gl (t)

II
ϕGFR [AngII]circ(t)

kmeg + ϕU –
ϕGl [AngII]Ext

Gl (t)

Pt
I kdiff [AngI]Ext

Tb (t)
ϕPv + ϕL cPt

ACE 0
kPt
AngI –

II ktransV
Cell
Tb, Pt/V Ext

Pt [AngII]Cell
T b (t) – –

Pv I, II
ϕRPF − ϕGFR − ϕGl [AngX]circ(t)

ϕRPF − ϕL − ϕU 0 ln 2
hX

0 –
ϕPv [AngX]Ext

Pt (t)

Cell

Gl II 0 – 0 0 klys – kintV
Ext
Gl /V Cell

Gl

Tb II kmegV
Ext
Tb /V Cell

Tb, Pt [AngII]Ext
Tb (t) ktrans 0 klys – kintV

Ext
Tb /V Cell

Tb, Pt

Pt II 0 – 0 0 klys – kintV
Ext
Pt /V Cell

Tb, Pt

Memb

Gl II – – – – – – −kint
Tb II – – – – – – −kint
Pt II – – – – – – −kint
Pv II – – – – – – 0

Table 2.1: Sub-compartment-specific parameters corresponding to Eqs. 2.1–2.5.

Renin is secreted from the juxtaglomerular apparatus of the kidney at a basal rate
Rsec. This secretion rate is modified by the concentration of glomerular membrane-bound
AT1R–bound Ang II, [AT1R − bound AngII]Memb

Gl , via the feedback function νAT1R (Eq.
2.13). Since the exponent BAT1R is positive, νAT1R drops below 1 to inhibit renin se-
cretion when [AT1R − bound AngII]Memb

Gl rises above its healthy steady state [AT1R −
bound AngII]Memb, eq

Gl , i.e. when their ratio RGl rises above 1. The opposite effect is ob-
served if [AT1R − bound AngII]Memb

Gl drops below its steady state, i.e. when RGl drops
below 1. Also contributing to the rate of change of PRC is the peptide’s decay according
to its half-life hrenin, resulting in the equation:

dPRC

dt
(t) = Rsec · νAT1R

(
RMemb

Gl (t)
)
− ln 2

hrenin
PRC(t) (2.12)

where
νAT1R

(
RMemb

Gl (t)
)
= RMemb

Gl (t)−BAT1R , (2.13)
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Plasma Ang I, AngIcirc decays with a half-life hAngI and is converted into other forms
by ACE, neprilysin (NEP), and chymase activity with rates cACEcirc

, cNEP , and cchym,
respectively. In addition, plasma Ang I enters the kidney via the renal artery. In doing
so, an amount of Ang I proportional to ϕRPF gets distributed to the various renal com-
partments as described above. Following local renal modifications, Ang I from the renal
post-glomerular blood vasculature and the peritubular interstitial space gets returned to
the systemic circulation via the renal vein and lymphatic vasculature, respectively, with
corresponding flow rates ϕRPF − ϕL − ϕU and ϕL. In this way, fluid flow into and out of
the kidney is conserved, differing only by a factor of ϕU which is assumed to be balanced
by the bodies water sources and other sinks, such as; water intake, metabolic reactions,
and insensitive loss:

d[AngI]circ
dt

(t) = PRA(t)−
(
cchym + ccircACE

)
[AngI]circ(t)

−
(
cNEP +

ln 2

hAngI

)
[AngI]circ(t)

+
WK

Vcirc
ϕL[AngI]

Ext
Pt (t)

+
WK

Vcirc
(ϕRPF − ϕL − ϕU) [AngI]Pv(t)

− WK

Vcirc
ϕRPF [AngI]circ(t)

(2.14)

The rate of change of the plasma Ang (1-7) concentration, [Ang(1 − 7)]circ, is governed
by its production from Ang I by NEP and Ang II by angiotensin-converting enzyme 2
(ACE2) with respective rate constants cNEP and cACE2, and its decay according to its
half-life hAng17:

d[Ang(1− 7)]circ
dt

(t) = cNEP [AngI]circ(t) + cACE2[AngII]circ(t)

− ln 2

hAng17

[Ang(1− 7)]circ(t)
(2.15)

Systemic Ang II, AngIIcirc, is produced from Ang I by chymase and ACE activity, con-
verted to angiotensin (1-7) (Ang (1-7)) by ACE2 activity, and decays with half-life hAngII .
Identically to Ang I, systemic Ang II enters the kidney via the renal artery, undergoes
local modifications, and is returned to the circulation via the renal vein and lymphatic
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vasculature. Unlike Ang I however, Ang II may bind to AT1Rs in the systemic vasculature
endothelium, AT1RMemb

circ with rate kass to form membrane-bound AT1R-Ang II complexes,
AT1R − bound AngIIMemb

circ . This binding is reversible, with dissociation rate kdiss. As in
the renal post-glomerular blood vasculature, the total concentration of systemic AT1Rs
([AT1R]totcirc) is assumed constant:

d[AngII]circ
dt

(t) =
(
cchym + ccircACE

)
[AngI]circ(t)

−
(
cACE2 +

ln 2

hAngII

)
[AngII]circ(t)

+
WK

Vcirc
ϕL[AngII]

Ext
Pt (t)

+
WK

Vcirc
(ϕRPF − ϕL − ϕU) [AngII]Pv(t)

− WK

Vcirc
ϕRPF [AngII]circ(t)

+ kdiss[AT1R− bound AngII]Memb
circ (t)

− kass[AT1R]
Memb
circ (t)[AngII]circ(t)

(2.16)

d[AT1R− bound AngII]Memb
circ

dt
(t) = kass[AT1R]

Memb
circ (t)[AngII]circ(t)

− kdiss[AT1R− bound AngII]Memb
circ (t)

(2.17)

[AT1R]Memb
circ (t) = [AT1R]totcirc − [AT1R− bound AngII]Memb

circ (t) (2.18)

A schematic diagram of the connections between model variables is shown in Figure
2.2.

2.3 Parameter identification

The majority of the model’s parameters were derived from the literature (Table 2.2; Sec-
tion 2.3.1). The remaining minority (Table 2.3; Section 3.2.4) were fit to available steady
state (Table 2.4) and kinetic data.
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Figure 2.2: Schematic representation of the connections between model variables. Dotted
connections indicate feedback.

26



Parameter Description Value Unit Reference

General

Wb Body weight 284 g [105]

WK/b Kidney-to-body weight ratio 5.23 mg/g [184]

WK Kidney weight 1.49 g [105, 184]

VB Circulating blood volume 17.8 mL [83]

Vcirc Circulating plasma volume 10.3 mL [83, 105]

Hct Hematocrit 0.42 - [105]

Renal Volumes

V Ext
Gl Volume density of the glomerular interstitial space 0.0019

mL/g kidney

[6, 159]

V Cell
Gl Volume density of mesangial cells 0.0019 [6, 159]

V Ext
Pt Volume density of the peritubular interstitial space 0.0236 [6, 51]

V Cell
T b,P t Volume density of tubular epithelial cells 0.294 [6, 51]

V Ext
Tb Volume density of the luminal fluid 0.102 [6, 51]

VPv Volume density of the renal vasculature plasma 0.085 [6, 51]

Renal Hemodynamics

ϕRPF Renal plasma flow 7.79

mL/min per g kidney

[105, 184]

ϕGFR Glomerular filtration rate 2.02 [105, 184]

ϕU Urine flow rate 0.041 [131, 105, 184]

ϕPv Flow from peritubular interstitial space to renal post-glomerular blood vasculature 1.98 [105, 146, 184, 131]

ϕL Renal lymph flow rate 0.041 [105, 146, 184, 131]

ϕGl Flow from glomerular interstitial space to luminal fluid 0.041 [105, 146, 184, 131]

Ang II-AT1R-binding kinetics

KD Dissociation constant for Ang II-AT1R binding 1000 fmol/mL [135]

kass Ang II-AT1R association rate 2.4e− 5 /(fmol/mL) per min [135]

kdiss Ang II-AT1R dissociation rate 0.024 /min [135]

Systemic Compartment

hAGT AGT half-life 240

min

[53]

hrenin Renin half-life 3 [3]

hAngI Ang I half-life 0.5 [1]

hAngII Ang II half-life 0.267 [3]

hAng17 Ang (1-7) half-life 0.167 [171]

Rsec Basal renin secretion rate 1 - [1]

KM AGT affinity for renin 2.8 ×106 fmol/mL [43]

Table 2.2: Parameters derived from the literature

2.3.1 Parameter derivations

General parameters Many whole-body parameters are based on the 284 g male Sprague
Dawley rat described by Munger and Baylis [105]. Indeed, given a kidney-to-body weight
ratio of 5.23 mg per g [184], we assume a kidney weight WK of 1.49 g. Based on the body
weight-to-blood volume relationship from Lee et al. [83], we assume a circulating blood
volume of 17.8 mL. This corresponds to a circulating plasma volume Vcirc of 10.3 mL,
given a hematocrit of 0.42 [105].
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Renal volume parameters The cortical volume shares of the luminal fluid (0.16),
tubular epithelial cells (0.46), and the interstitial tissue including peritubular capillaries
(0.30) were extracted from Hegedus et al. [51]. Moreover, we know the cortical volume
share of the extracellular peritubular interstitial space (0.037) and the entire peritubular
interstitial space including interstitial cells (0.07) from Lemley et al. [86], allowing us
to compute that of the peritubular capillaries (renal post-glomerular blood vasculature
compartment) alone (0.30 − 0.07 = 0.23). Since the kidney is 70% cortex by volume [6],
and the ratio of kidney volume-to-kidney weight is 0.912 mL per g (extracted from Fig 3F
of Baldelomar et al. [6]), we obtain:

V Ext
Tb = 0.16 ∗ 0.70 ∗ 0.912 = 0.102 mL per g kidney

V Cell
T b,P t = 0.46 ∗ 0.70 ∗ 0.912 = 0.294 mL per g kidney

V Ext
Pt = 0.037 ∗ 0.70 ∗ 0.912 = 0.0236 mL per g kidney

VPv = 0.23 ∗ 0.70 ∗ 0.912 ∗ (1− Hct) = 0.085 mL per g kidney

The volume of the glomerular compartment is computed based on the known volume
fractions in mice [66]. Indeed, with a mesangial matrix and mesangial cells-to-glomerulus
fractional volume of 0.09, a glomerulus-to-whole kidney fraction volume of 0.023, and a
kidney volume-to-kidney weight ratio of 0.912 [6], we obtain:

V Cell
Gl = V Ext

Gl = 0.09 ∗ 0.023 ∗ 0.912 = 0.0019 mL/g kidney

Renal hemodynamic parameters Renal plasma flow ϕRPF and glomerular filtration
rate ϕGFR are taken directly from Munger and Baylis [105] and scaled by WK to obtain
the appropriate units of mL per g kidney. Moreover, we assume that renal lymphatic flow
accounts for 2% of total fluid reabsorption from the kidney (ϕL = 0.02×ϕGFR +ϕGl −ϕU)
[146] and that it is the same as drainage from the glomerular interstitial space as well as
urine flow (ϕGl = ϕU = ϕL) [131]. In this way, all remaining hemodynamic parameters
can be computed from the known ϕGFR [105], since ϕGl = ϕL = ϕU = 0.02ϕGFR and
ϕPv = ϕGl + ϕGFR − ϕL − ϕU .

2.3.2 Parameter fitting

The remaining parameters in the baseline set p0 (Table 2.3) were identified by solving
the system at steady state x0 (Table 2.5) and imposing the following constraints using
MATLAB’s nonlinear programming solver fmincon:

28



Parameter Description Value Unit

kint Rate constant for AT1R-bound Ang II internalization 0.193 /min

krec Rate constant for AT1R recycling to the membrane 0.277 /min

klys Rate constant for lysosomal degradation of intracellular Ang II 0.208 /min

ktrans Rate constant for Ang II transport into the interstitial space 32.9 /min

kmeg Rate of megalin-dependent uptake of Ang II 4.68 /min

kdiff Rate of Ang I diffusion across the tubular epithelium 0.478 mL/min per g kidney

AT1Rtot
Gl Total amount of glomerular AT1Rs 115 fmol/g kidney

ccircACE Reaction rate of circulating ACE 1.035 /min

cchym Reaction rate of circulating chymase 0.115 /min

cNEP Reaction rate of circulating NEP 0.293 /min

cACE2 Reaction rate of circulating ACE2 0.062 /min

vmax Maximal rate of PRC to PRA conversion 99.7 /min

kPt
AngI Production rate of Ang I in the peritubular interstitial space 6746 fmol/mL per min

cPt
ACE Reaction rate of ACE in the peritubular interstitial space 2.0 /min

kTb
AngI Production rate of Ang I in the luminal fluid 9992 fmol/mL per min

cTb
ACE Reaction rate of ACE in the proximal luminal fluid 1.83 /min

Table 2.3: Fitted parameters

1. Since Ang II–AT1R–mediated endocytosis occurs with a half-life of 2 to 10 minutes
[153], the rate constant describing AT1R–bound Ang II internalization, kint (Eq.
2.3), was restricted to the interval [0.07, 0.35] /min [135]. The same upper bound
(0.35/min) was assumed for the rate constants describing receptor recycling krec (Eqs.
2.4, 2.5) and lysosomal degradation klys (Eq. 2.2).

2. The total amount of glomerular AT1Rs, AT1Rtot
Gl (Eq. 2.6), was fit to ensure that the

total concentration of glomerular receptors was greater than the total concentration
of tubular and peritubular receptors at baseline [181], but less than the upper bound
of 1000KD [135]. KD = kdiss/kass is the dissociation constant of Ang II from AT1Rs.
The same value (1000KD) was used to bound the total concentration of AT1Rs in
all other compartments.

3. Ensuring that the steady state concentrations of all model variables (Table 2.5) were
within the range of the renal and systemic RAS concentrations that have been ob-
served experimentally (Table 2.4).

The resulting parameter set p0 was subsequently validated against data collected from
various Ang II infusion experiments (see Chapter 3). In future work, the size of the
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parameter regime that satisfies the above constraints should be quantified via a global
parametric sensitivity analysis.

Variable Bounds Units Reference

[AGT ]circ [554, 598] pmol/mL [14]

[AngI]circ [[AngII]circ, 228] fmol/mL [115, 14, 184, 183]

[AngII]circ [30, 114] fmol/mL [115, 14, 184, 183, 141]

[Ang(1− 7)]circ [3, 7] fmol/mL [14]

PRA [61, 100] fmol/mL per min [184]

[AngI]T [121, 267] fmol/g kidney [115, 184, 183, 14]

[AngII]T [105, 371] fmol/g kidney [115, 184, 183, 14, 141]

[AngII]Cell
T b + [AT1R− bound AngII]Cell

T b [0.12, 0.33] ∗ [AngII]T
V Cell
Tb, Pt

fmol/g kidney [62]a

[AngII]Cell
P t + [AT1R− bound AngII]Cell

P t [0.05, 0.10] ∗ [AngII]T
V Cell
Tb, Pt

fmol/g kidney [62]a

[AngI]Ext
Tb [494, 7340] fmol/mL [108]b

[AngII]Ext
Tb [250, 9700] fmol/mL [108, 103, 162]b

[AngI]Ext
Pt [[AngI]circ, 880] fmol/mL [115]c

[AngII]Ext
Pt [[AngII]circ, 3500] fmol/mL [115]c

Table 2.4: Experimental bounds for steady state concentrations

aApical and basolateral endosomes of tubular epithelial cells account for 12 − 33% and 5 − 10% of total
renal [Ang II], respectively [62].

bUsing micropuncture techniques, the Ang I [108] and Ang II [108, 103, 162] concentrations in the proximal
luminal fluid have been measured to within [4940, 7340] fmol/mL and [2500, 9700] fmol/mL, respectively.
However, it has been proposed by [108] that concentrations under undisturbed conditions may be as low
as 10-20% of those aforementioned, due to the experimental set-up required to collect the fluid. Hence, we
allow [AngI]Ext

Tb (Eq. A.8) and [AngII]Ext
Tb (Eq. A.9) to be as low as 10% of the values reported at steady

state.

cUsing microdialysis techniques, Nishiyama et al. [115] measured the Ang I and Ang II concentration in
the renal interstitial fluid to within [800, 880] fmol/mL and [2640, 3500] fmol/mL, respectively. However, it
has been suggested by [159] that such high concentrations are an artifact. Indeed, the microdialysis probe
increases the extracellular space separating the cells by 150-fold, decreasing the concentration of AT1Rs
available for Ang II binding, resulting in artificially high free Ang II concentrations. Smaller interstitial
concentrations would also be more consistent with the concentrations reported in the renal lymph and
venous plasma of dogs [165]. Hence, we allow [AngI]Ext

Pt (Eq. A.15) and [AngII]Ext
Pt (Eq. A.16) to be as

low as their respective plasma concentrations at steady state.
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Variable Description Steady State Unit

Systemic compartment

[AGT ]circ Plasma [AGT] 575941

fmol/mL

[AngI]circ Plasma [Ang I] 65.2

[AngII]circ Plasma [Ang II] 43.3

[AT1R− bound AngII]Memb
circ Membrane-bound [AT1R–Ang II complex] 21662

[AT1R]Memb
circ Membrane-bound free [AT1R] 499837

[Ang(1− 7)]circ Plasma [Ang (1-7)] 5.25

PRC Plasma [renin] 4.33

PRA Plasma renin activity 73.6 fmol/mL per min

Glomerular compartment

[AngI]Ext
Gl Interstitial [Ang I] 65.2

fmol/mL

[AngII]Ext
Gl Interstitial [Ang II] 40.9

[AT1R− bound AngII]Memb
Gl Glomerular membrane-bound [AT1R-Ang II complex] 262.2

[AT1R− bound AngII]Cell
Gl Intracellular [AT1R-Ang II complex] 2153

[AngII]Cell
Gl Free intracellular [Ang II] 243.2

[AT1R]Memb
Gl Free membrane-bound [AT1R] 57927

[AT1R]Cell
Gl Free intracellular [AT1R] 182.4

Peritubular compartment

[AngI]Ext
Pt Interstitial [Ang I] 455

fmol/mL

[AngII]Ext
Pt Interstitial [Ang II] 190

[AT1R− bound AngII]Memb
Pt Basolateral membrane-bound [AT1R-Ang II complex] 66.7

[AT1R− bound AngII]Cell
P t Basolateral intracellular [AT1R-Ang II complex] 43.0

[AngII]Cell
P t Free basolateral intracellular [Ang II] 4.96

[AT1R]Memb
Pt Free basolateral membrane-bound [AT1R] 3172

[AT1R]Cell
P t Free basolateral intracellular [AT1R] 3.72

Tubular compartment

[AngI]Ext
Tb Luminal fluid [Ang I] 1638

fmol/mL

[AngII]Ext
Tb luminal fluid [Ang II] 763

[AT1R− bound AngII]Memb
Tb Apical membrane-bound [AT1R-Ang II complex] 27.0

[AT1R− bound AngII]Cell
T b Apical intracellular [AT1R-Ang II complex] 75.7

[AngII]Cell
T b Free apical intracellular [Ang II] 37.57

[AT1R]Memb
Tb Free apical membrane-bound [AT1R] 320

[AT1R]Cell
T b Free apical intracellular [AT1R] 6.53

Renal post-glomerular blood vasculature compartment

[AngI]Pv Renal plasma [Ang I] 163.9

fmol/mL
[AngII]Pv Renal plasma [Ang II] 79.2

[AT1R− bound AngII]Memb
Pv Membrane-bound [AT1R-Ang II complex] 36.7

[AT1R]Memb
Pv Free membrane-bound [AT1R] 463

Whole kidney

[AngI]T Whole kidney [Ang I] 192
fmol/g kidney

[AngII]T Whole kidney [Ang II] 149

Table 2.5: Steady state concentrations of model variables
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2.4 Steady state results

Following the procedure outlined in Section 2.3.2, a parameter set (Table 2.3) and model
steady state (Table 2.5) were identified that satisfy all bounds outlined in Table 2.4. Of
note, the model predicts steady state concentrations of [AngI]Ext

Pt (455 fmol/mL) and
[AngII]Ext

Pt (190 fmol/mL) that are 51–57% and 5–7% of those reported by Nishiyama et
al. [115], respectively. In fact, none of the parameterizations considered with peritubu-
lar interstitial angiotensin concentrations within the ranges reported by Nishiyama et al.
[115] were able to satisfy the other model constraints. This discrepancy has been previously
addressed by Van Kats et al. [159], who hypothesized that concentrations collected using
microdialysis techniques may be artificially high due to a disturbed cell micro-environment.
Moreover, the predicted concentrations of [AngI]Ext

Tb (1637 fmol/mL) and [AngII]Ext
Tb (763

fmol/mL) are 22–33% and 8–30% of those reported by Navar et al. [108], Mitchell et al.
[103], and Wang et al. [162]. This supports the claim made by Navar and colleagues [108]
that in unperturbed conditions luminal fluid Ang II concentrations may be only 10–20%
of those collected using micro-puncture techniques, or under 1000 fmol/mL. In summary,
it is likely that the high experimental renal interstitial and luminal fluid angiotensin con-
centrations are artifacts of the sample collection procedure.

2.4.1 Local sensitivity analysis

To determine the robustness of the steady state (Table 2.5), we perform a local paramet-
ric sensitivity analysis. In particular, we examine the percent change in each predicted
concentration that is caused by a 10% increase in each model parameter.

As shown in Figure 2.3, the steady state is most (least) sensitive to changes in the
parameters specific to the tubular (peritubular) compartment, in particular, the rate of
megalin-mediated uptake kmeg as well as the rates of endogenous Ang I kTb

AngI (kPt
AngI)

and Ang II cTb
ACE (cPt

ACE) production in the luminal (interstitial) fluid. The model is also
sensitive to the rate of Ang I diffusion across the tubular epithelium kdiff . Indeed, the
majority of the renal variables (apart from those in the upstream glomerular compartment)
are altered by this parameter. Given its significant effect on the model’s predicted steady
state, future experimental work should focus on identifying the mechanisms that mediate
this process. Finally, the behaviour of the systemic, glomerular, and renal (post-glomerular
blood) vasculature free Ang I and Ang II concentrations at steady state appear to be
correlated. Specifically, since systemic angiotensin is the main source of glomerular and
renal (post-glomerular blood) vasculature angiotensin, the variables in these compartments
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are most affected by changes to parameters relating to systemic peptide production (kAGT ,
vmax, and cchym). Nevertheless, a 10% change in each parameter never elicits more than a
10% change any model variable and as a result, the model’s steady state remains within
the bounds presented in Table 2.4 in all cases considered.

Having now developed a model that is accurate and robust at the steady-state level,
we can use it to study the role of the intrarenal RAS in hypertension via various model
perturbation experiments and extensions. We begin with the induction of hypertension
via Ang II infusion.
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[AGT]circ

[Ang I]circ

[Ang II]circ

[AT1R-bound Ang II]circ
Memb

[AT1R]circ
Memb

[Ang(1-7)]circ

PRA

Sy
st
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ic

1.713

1.392

-3.756

3.568

3.414

-2.86 8.93

3.684

2.507

2.401

3.54

9.612

1.156

1.116

5.016

6.559

6.27

5.205

-1.461

1.341

1.284

-1.118

10.08

3.15
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2.052

3.027

8.217

[Ang I]Gl
Isf
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Isf
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Cell
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9.617

9.405
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9.405
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3.415

3.488

3.415

3.415

3.684

2.514

2.401

2.452

2.401

2.401

1.156 5.016

6.576

6.271

6.409

6.271

6.271

-1.461

1.344

1.285

1.311

1.284

1.284

3.15

2.148

2.052

2.095

2.052

2.052

-8.223

-9.063

-9.11

[Ang I]Pt
Isf

[Ang II]Pt
Isf

[AT1R-bound Ang II]Pt
Memb

[AT1R-bound Ang II]Pt
Cell

[Ang II]Pt
Cell

[AT1R]Pt
Memb

[AT1R]Pt
Cell

Pe
rit

ub
ul

ar

2.673

-3.79

-3.792

-3.79

-3.79

1.804 7.83

8.699

7.116

7.119

7.116

-1.457

7.116

-2.28

5.225

4.299

4.301

4.299

4.299

-8.184

-8.994

-9.144

-4.531

-5

0

5

10

<1%

[Ang I]Tb
Fl

[Ang II]Tb
Fl

[AT1R-bound Ang II]Tb
Memb

[AT1R-bound Ang II]Tb
Cell

[Ang II]Tb
Cell

[AT1R]Tb
Memb

[AT1R]Tb
Cell

Tu
bu

la
r

3.933

-2.766

-2.781

2.291

-2.766

9.412

8.774

4.614

4.644

8.749

-3.824

4.614

-2.753

5.69

3.033

3.052

5.668

-2.514

3.033

-8.194

-8.809

-8.375

-4.772

-4.77

-4.772

-9.04

-6.175

-4.943

-4.956

[Ang I]Pv

[Ang II]Pv

[AT1R-bound Ang II]Pv
Memb

[AT1R]Pv
Memb

Po
st

-g
lo

m
er

ul
ar

 
bl

oo
d 

va
sc

ul
at

ur
e

2.392

-3.092

-2.871

-1.355

1.643

1.521

1.332

1.523

1.409

1.614 7.007

7.85

7.232

-2.041

3.684

3.404

1.139

1.301

1.204

k int k rec k lys k meg k trans k diff

AT1R Gltot
c chym c NEP v max

k AngI Ptc ACE Ptk AngI Tbc ACE Tb k AGT

Parameters

[Ang I]T

[Ang II]TW
ho

le
ki

dn
ey 9.146

7.746

-2.674

4.796-4.988

-5.052

-4.181

Figure 2.3: Percent change in the predicted steady state concentrations caused by a 10%
increase in each model parameter value.
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Chapter 3

Intrarenal renin angiotensin system
activity in hypertension induced by
angiotensin II infusion: Insights from
mathematical modelling

Abstract

The RAS plays a pivotal role in the maintenance of volume homeostasis and
blood pressure. In addition to the well-studied systemic RAS, local RAS have
been documented in various tissues, including the kidney. Given the role of
the intrarenal RAS in the pathogenesis of hypertension, a role established via
various pharmacologic and genetic studies, substantial efforts have been made
to unravel the processes that govern intrarenal RAS activity. In particular,
several mechanisms have been proposed to explain the rise in intrarenal Ang II
that accompanies Ang II infusion, including increased AT1R-mediated uptake
of Ang II and enhanced intrarenal Ang II production. However, experimen-
tally isolating their contribution to the intrarenal accumulation of Ang II in
Ang II-induced hypertension is challenging, given that they are fundamentally
connected. Computational modelling is advantageous because the feedback un-
derlying each mechanism can removed and the effect on intrarenal Ang II can
be studied. In this Chapter, the mechanisms governing the intrarenal accumu-
lation of Ang II during Ang II infusion experiments are delineated and the role
of the intrarenal RAS in Ang II-induced hypertension is studied. To accomplish
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this, various positive feedback systems are added to the compartmental ODE
model of the systemic and intrarenal RAS outlined in Chapter 2 and Ang II
infusion experiments are simulated. Simulations indicate that AT1R-mediated
uptake of Ang II is the primary mechanism by which Ang II accumulates in
the kidney during Ang II infusion. Enhanced local Ang II production is unnec-
essary. The results demonstrate the role of the intrarenal RAS in the patho-
genesis of Ang II-induced hypertension and consequently, clinical hypertension
associated with an overactive RAS.

3.1 Introduction

Hypertension is a common, highly complex condition that promotes risk for other diseases
of the vasculature. Although the underlying causes of most cases of hypertension are un-
known and likely multifactorial, antihypertensive therapies targeting the renin-angiotensin
system (RAS) are highly effective in reducing elevated blood pressure [60], due to the long-
established role of the RAS in blood pressure regulation [36, 144]. As detailed in Chapter 1,
Ang II, the primary bio-active product of the RAS, increases blood pressure primarily via
its AT1R-mediated effects on kidney function, and therefore fluid homeostasis. Given the
many intrarenal actions of Ang II, and the discovery that the kidney not only expresses,
but independently regulates all components of the RAS, the significance of the local in-
trarenal RAS to the pathogenesis and progression of hypertension has recently come into
focus.

Although the systemic and intrarenal RAS are connected and typically vary in tandem,
a de-coupling of the two systems has been observed in various experimental models of
hypertension [184, 18, 168, 150]. In Ang II–induced hypertensive rats in particular, there is
a progressive rise in intrarenal Ang II that cannot be explained on the basis of equilibration
with plasma [Ang II]s[184, 31, 40, 93]. Several mechanisms have been proposed to explain
this response, including: (i) enhanced AT1R–mediated uptake of circulating Ang II, and (ii)
increased intrarenal endogenous Ang II production [71, 109, 141, 142, 159, 180, 70, 72, 35,
40, 94, 141, 183]. In mechanism (i), circulating Ang II enters the kidney and binds to AT1Rs
on tubular epithelial cells. The Ang II–AT1R complexes are then actively internalized [59]
into intracellular compartments where the Ang II is protected from degradation [180, 107,
158]. It is hypothesized that the Ang II-dependent up-regulation of AT1R expression in
proximal tubule epithelial cells [180, 182, 21] facilitates this effect. In mechanism (ii), the
endogenous production of Ang II in the luminal fluid is thought to be increased as a result
of Ang II-dependent positive feedback on proximal tubule AGT [107, 109, 70, 40, 72, 138]
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and collecting duct renin production [122, 109, 38, 37].

While these hypotheses are well-founded, isolating the contribution of each mechanism
to the accumulation of Ang II in the kidney in Ang II–induced hypertension poses a sig-
nificant experimental challenge because they are fundamentally linked. Computational
modelling is advantageous in this regard, because once a model is developed that incor-
porates these systems, each feedback function can be individually turned on/off and the
impact on the total and local intrarenal [Ang II] can be studied. As detailed in Chapter 1,
two computational models of the intrarenal RAS have been developed previously [135, 95].
However, neither considers intrarenal positive feedback. The first model [135] also does not
consider any temporal dynamics and thus can only be used to study the system’s behaviour
at steady state. While the second model [95] does consider the rate of change of key RAS
peptides, it does not differentiate between the intracellular and extracellular compartments
of the kidney. Therefore, it cannot be used study the process of AT1R-mediated uptake of
circulating Ang II (mechanism (i)) in detail. For these reasons, the existing models would
be ineffectual in studying the contribution of the intrarenal RAS to the pathogenesis of
Ang II-induced hypertension.

In this Chapter, we aim to delineate the mechanisms that mediate intrarenal Ang II
accumulation during Ang II infusion and consequently, gain insight into the role of the
intrarenal RAS in the development of Ang II-induced hypertension. To do so, the compu-
tational model outlined in Chapter 2 that considers temporal dynamics and distinguishes
between the intracellular and extracellular regions of various intrarenal compartments is
extended to incorporate intrarenal (and systemic) positive feedback. Formalisms to sim-
ulate both subcutaneous and intravenous Ang II infusion experiments are also derived to
facilitate the study of Ang II-induced hypertension. After fitting the model parameters
to Ang II infusion data, the model is validated and used to make predictions on the key
mechanisms contributing to the rise in intrarenal [Ang II] during Ang II infusion. The
robustness of the predictions is also quantified via a local parametric sensitivity analy-
sis. The results presented provide novel insight into the role of the intrarenal RAS in the
development of Ang II-induced hypertension and accordingly, any form of hypertension
associated with an overactive RAS.
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3.2 Methods

3.2.1 Modelling positive feedback

To investigate the mechanisms that contribute to intrarenal RAS over-activation in Ang II-
induced hypertension, the model outlined in Chapter 2 was extended to include the many
positive feedback loops that have been documented experimentally. Since all feedback
functions to be added take a similar form across compartments, a general function fbxC is
first introduced here, where C represents the compartment where the feedback is taking
place (C = Tb, Pt, and circ) and x represents which variable is being up-regulated (x =
AngI, ACE, AT1R, and AGT ). All feedback was assumed linear for simplicity:

fbxC
(
RL

C(t)
)
=

0 if RL
C(t) ≤ 1

Kx
C

(
RL

C(t)− 1
)

if RL
C(t) > 1

(3.1)

where

RL
C(t) =

[AT1R− bound AngII]LX(t)

[AT1R− bound AngII]L, eqX

(3.2)

L represents which fraction of AT1Rs, membrane-bound (L = memb) or intracellular
(L = cell), are impacting the feedback. The variables up-regulated in each compartment
are described in detail below.

Intrarenal model As aforementioned, two mechanisms have been proposed to explain
the rise in intrarenal Ang II that is observed during Ang II-induced hypertension. To
investigate the role of mechanism (i), enhanced AT1R-mediated uptake of circulating Ang
II, in Ang II-induced hypertension, we allowed AT1R expression to increase via an Ang
II- and AT1R-dependent mechanism [180, 182, 21] in both the tubular and peritubular
compartments. Indeed, we added the function fbAT1R

C to Eq. 2.5 to yield Eq. 3.3, where
C = Tb or Pt:
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d[AT1R]Memb
C

dt
(t) = kdiss[AT1R− bound AngII]Memb

C (t)

− kass[AT1R]
Memb
Tb (t)[AngII]Ext

C (t)

+ krec
V Ext
C

V Cell
P t,T b

[AT1R]Cell
C (t)

+ fbAT1R
C

(
RMemb

C (t)
)

(3.3)

To study the role of mechanism (ii), enhanced endogenous Ang II production [107,
109, 70, 40, 72, 138, 122, 109, 38, 37]), in Ang II–induced hypertension, explicit Ang II-
dependent positive feedback on luminal AGT and renin activity could be turned on by
redefining the tubular Ang I production rate, kTb

AngI , such that:

kTb
AngI(t) = kTb

AngI + fbAngI
Tb (RCell

T b (t)) (3.4)

Systemic model In addition to these intrarenal feedback systems, elevated systemic
[Ang II] has been observed to increase hepatic AGT production in a AT1R-dependent
manner [91, 138, 106]. This positive feedback was incorporated by modifying the rate of
AGT production kAGT in Eq. 2.10, such that:

kAGT (t) = kAGT + fbAGT
circ (RMemb

circ (t)) (3.5)

Finally, we also allowed systemic ACE activity to increase in an Ang II and AT1R-
dependent manner via the addition of the positive feedback function fbACE

circ to the existing
rate of plasma ACE activity cACE:

ccircACE(t) = ccircACE + fbACE
circ (RMemb

circ (t)) (3.6)

This feedback was found to be required to replicate the decrease (increase) in plasma
Ang I (endogenous Ang II) that is observed experimentally following Ang II infusion (see
Section 3.3.1) [184, 141, 142]. Similar feedback has been documented in the kidney [132,
73].

Figure 3.1 summarizes all feedback loops considered by the model when mechanisms
(i) and (ii) are simulated. In particular, all positive feedback added to the systemic model
is activated for both sets of simulations. To simulate mechanism (i), we set fbAngI

Tb = 0 and
activate fbAT1R

Tb and fbAT1R
Pt . To simulate mechanism (ii), we set fbAT1R

Tb = fbAT1R
Pt = 0 and

activate fbAngI
Tb .
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b Mechanism (ii)

Figure 3.1: Schematic representation of the positive (arrow) and negative (blunted arrow)
feedback loops included in the model when simulating a mechanism (i) and b mechanism
(ii). Negative feedback on renin secretion (νAT1R) and systemic (red) positive feedback
on AGT production (fbAGT

circ ) and ACE activity (fbACE
circ ) are consistent across both mecha-

nisms. The upregulation of AT1R expression in the peritubular (fbAT1R
Pt ; blue) and tubular

(fbAT1R
Tb ; green) compartments is only included in mechanism (i). In contrast, the Ang

II-dependent upregulation of luminal AGT and renin activity (fbTbAngI; green) is only
included in mechanism (ii).

3.2.2 Simulating Ang II infusion experiments

Ang II can be infused intravenously or subcutaneously via osmotic mini-pump implanta-
tion. Each experimental technique is simulated using a different mathematical formalism.
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During an intravenous (IV) infusion, Ang II enters the blood stream directly. Hence,
it is simulated by adding the constant production term:

KIV
inf =

D

Vcirc

to the original equation describing plasma Ang II dynamics (Eq. 2.16). D is the dose
of Ang II in units of fmol/min, and Vcirc is the circulating plasma volume in mL.

During a SC infusion, Ang II enters the blood stream indirectly following re-absorption
from the SC tissue. Hence, we must consider the amount of Ang II in this compartment,
AngIISC . The rate of change of AngIISC is governed by the exogenous infusion of Ang
II into this compartment with dose D (fmol/min) and its re-absorption into the systemic
circulation with rate ka min−1:

dAngIISC(t)

dt
= D − kaAngIISC(t) =⇒ AngIISC(t) =

D

ka
(1− e−kat) (3.7)

Therefore, a SC Ang II infusion can be simulated by adding the following term to the
original ODE describing [AngII]circ (Eq. 2.16):

KSC
inf (t) =

ka
Vcirc

AngIISC(t) =
D

Vcirc

(
1− e−kat

)
(3.8)

3.2.3 Separating exogenous Ang II from endogenous Ang II

To better understand Ang II dynamics, we separately simulate in each compartment ex-
ogenously infused (AngIIi) and endogenously produced (AngIIp) Ang II, such that:

[AngII](t) = [AngIIi](t) + [AngIIp](t)

The equations describing exogenous and endogenous Ang II differ in their production
terms: Infusion contributes to AngIIi levels, while enzyme activity contributes to AngIIp
levels. In this way, the equations describing AngIIp are analogous to those described
above in Section 2.1.1 (Eqs. 2.2, 2.3) and the equations describing AngIIi only differ in
the compartments where the endogenous production of Ang II occurs (systemic circulation,
peritubular interstitial space, and luminal fluid). Indeed, the infusion term KY

inf (t) (Y =
SC, IV) is added to the systemic circulation (Eq. 2.16) to simulate infusion and the
terms describing chymase and/or ACE activity are removed in all 3 of the aforementioned
compartments i.e. we set cchym = cCACE = 0 for C = Tb, P t, circ (Eqs. 2.2, 2.16).

In the absence of an infusion, [AngIIi] = 0 in all compartments and [AngIIp] is the
sole contributor to the total Ang II concentration, as expected.
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3.2.4 Parameter fitting

Variable
Value (ratio
to control)

Infusion
type

Infusion
dose

Time Use Reference

Plasma Ang I
([AngI]circ)

0.26± 0.045

SC 40 ng/min

Day 3 V

[184]
0.32± 0.045 Day 7 V

0.38± 0.08 Day 10 V

0.165± 0.05 Day 13 F

Whole
kidney Ang I
([AngI]T )

0.93± 0.08

SC 40 ng/min

Day 3

V [184]
0.82± 0.094 Day 7

0.96± 0.12 Day 10

0.85± 0.13 Day 13

Plasma Ang II
([AngII]circ)

2.94± 0.45 SC 40 ng/min Day 13 V [184]

1.49± 0.31

SC

200 ng/kg/min

Day 7 F [13]4.34± 1.58 350 ng/kg/min

5.57± 0.85 500 ng/kg/min

6.48± 1.36

SC 80 ng/min Day 13 F [141, 142]*2.37± 0.55 (−p)
4.11± 0.81 (−i)

3.45± 0.78

IV

10 ng/min

1-hour

F

[118]9.31± 3.72 30 ng/min V

22.1± 7.09 60 ng/min F

Whole
kidney Ang II
([AngII]T )

3.58± 0.60

SC 80 ng/min Day 13 F [141, 142]*1.71± 0.37 (−p)
1.88± 0.22 (−i)

Peritubular
Interstitial Ang II(

[AngII]Ext
Pt

) 2.01± 0.09 SC 80 ng/min Day 13 F [116]

Apical endosomal
Ang II ([AngII]Cell

T b +
[AT1R− bound AngII]Cell

T b )
2.38± 0.59 SC 80 ng/min Day 13 F [180]

Basolateral endosomal
Ang II ([AngII]Cell

P t +
[AT1R− bound AngII]Cell

P t )
15.5± 3.99 SC 80 ng/min Day 13 F [180]

Table 3.1: Ang II infusion data used for feedback parameter fitting (F) and validation (V).

*Weighted average of endogenous and exogenous Ang II concentrations reported by Refs. [141] and [142]
(weighted by number of rats used in each study).
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No changes were made to the parameters identified in Section 2.3 (Tables 2.2 and 2.3)
and therefore to the model steady state x0 given in Table 2.5. The parameters introduced
via the incorporation of positive feedback (Section 3.2.1) and to simulate Ang II infusion
(Section 3.2.2), hereby referred to as feedback parameters, were estimated by simulating
the Ang II infusion experiments labelled fitting (F) in Table 3.1 from the initial condition x0
and minimizing the normalized sum of squared errors between the data and the simulation:

∑
j

∑
i

(
xtruei (tj)− xsimi (tj)

σi(tj)

)2

(3.9)

where xtruei (tj) and x
sim
i (tj) correspond to the ith true and simulated data point collected

at time point tj, respectively and σi(tj) corresponds to the standard deviation of xtruei (tj).
MATLAB’s nonlinear programming solver fmincon was used for the optimization.

3.3 Results

3.3.1 Model validation

Following the procedure outlined in Section 3.2.4, we minimized Eq. 3.9 to obtain the
optimized feedback parameter set shown in Table 3.2. In the cases where time series data
was available (Table 3.1), only the last time point (day 13) was used for parameter fitting.
All other data points were kept for model validation. Below we compare the model solutions
obtained using these parameters and discuss their implications. If not otherwise specified,
the results presented were generated using the feedback parameters specific to mechanism
(i) (Figure 3.1a), given that they resulted in a much better fit to data (see Section 3.3.1).

The upregulation of hepatic AGT may influence downstream intrarenal, as op-
posed to systemic, RAS peptide concentrations in Ang II–induced hypertension
As shown in Figure 3.2, the parameterized model is able to predict the changes in plasma
[AGT], PRA, and [Ang I] that accompany 13 days of 40 ng/min subcutaneous Ang II
infusion. Although the temporal dynamics are also predicted, only the data on day 13 was
used for fitting. The remaining data was used for model validation. In particular, hepatic
Ang II-dependent AGT positive feedback fbAGT

circ (Eq. 2.10) was found to be required for
the simulated fold-increase in plasma [AGT] to match what is reported experimentally
[184] (Figure3.2a). However, given that the Michaelis constant for AGT–renin binding is
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Parameter Description Value Unit Mechanism

ka Re-absorption rate from the subcutaneous tissue 3.8× 10−6 /min –

KAGT
circ Strength of positive feedback on hepatic AGT production 450 fmol/mL/ min –

KACE
circ Strength of positive feedback on systemic ACE activity 3.9 fmol/mL per min –

[AT1R]Tot
circ Total systemic AT1R concentration 521500 fmol/mL –

[AT1R]Tot
Pv Total post-glomerular blood vasculature AT1R concentration 500 fmol/mL –

BAT1R Strength of Ang II–AT1R feedback on renin secretion 2.9 – –

KAT1R
Pt Strength of positive feedback on peritubular AT1R production 0.66 fmol/mL per min (i)

KAT1R
Tb Strength of positive feedback on tubular AT1R production 0.05 fmol/mL per min (i)

KAngI
Tb Strength of positive feedback on tubular endogenous production 7400 fmol/mL per min (ii)

Table 3.2: Feedback parameters

so large (KM = 2.8 × 106 fmol/mL [43]), fbAGT
circ has an inconsequential effect on PRA

(Figure3.2b) and thus, the concentration of plasma peptides downstream in the cascade.
We hypothesize that the physiological importance of this feedback is instead specific to the
kidney and other local RAS’ where the pro-renin receptor is expressed [111, 110, 12, 163]:
Indeed, renin binding to the pro-renin receptor (PRR) decreases the Michaelis constant
for AGT binding by 85% [111]. As a result, any substantial change in the local [AGT]
will impact local renin activity, and thus the local concentrations of downstream peptides
such as Ang I and Ang II. Since hepatic AGT is the primary source of AGT in the kidney
[98], the upregulation of hepatic (systemic) [AGT] could be one mechanism by which renal
renin activity (assumed constant in our model) is maintained following Ang II infusion
[141], despite the decrease in PRA that occurs.

Amplification of systemic ACE activity may be required to significantly de-
crease (increase) the plasma [Ang I] ([Ang II]) in Ang II–induced hypertension
As shown in Figure 3.2c (dark green), the chronic infusion of Ang II significantly reduces
the plasma [Ang I]. Simulations suggest that this is the result of i) decreased production
from AGT (inhibited renin secretion, see Eq. 2.13) and ii) increased conversion to Ang II
(enhanced ACE activity, see Eq. 3.1). Of note, reduced renin activity alone was not found
to be sufficient to cause the drop in plasma [Ang I] that is observed experimentally. With-
out enhanced ACE activity (and thus, more rapid degradation of Ang I), the plasma [Ang
I] following 13 days of 40 ng/min subcutaneous infusion plateaus at 73% of its control value
(Figure 3.2c, dark green dashed curve), which far exceeds what the data suggests (17%).
This provides additional support for the existence of the Ang II-dependent up-regulation
of systemic ACE activity (fbACE

circ , Eq. 2.14, 2.16).
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Figure 3.2: Simulated (mechanism (i)) vs. experimental a plasma [AGT], b PRA, and c
plasma (dark green) and whole kidney (light green) [Ang I] time series following 13 days
of 40 ng/min SC Ang II infusion. Circular markers indicate data that was used for fitting;
diamond markers indicate data used for validation. Dashed curves indicate simulations
made with the specified systemic positive feedback (fbACE

circ or fbcircAGT ) removed (set to
0). Data was taken from [184].

Plasma [Ang II] dose-response curves for both classes of Ang II infusion (SC: Figure
3.3a and IV: Figure 3.3b) at three different time points (1-hour, 7 days, and 13 days)
were also simulated and compared to experimental data (circular markers) to estimate the
feedback parameters. As demonstrated in Figure 3.3, the model adequately predicts the
relative increase in plasma [Ang II] that is observed experimentally. This includes the
distribution of endogenously produced vs. exogenously infused plasma [Ang II] following
13 days of SC infusion at 80 ng/min (Figure 3.3a, inset). However, the simulations appear
to over-estimate the change in plasma [Ang II] caused by small SC-infused doses of Ang II.
This could indicate that the positive feedback on systemic ACE activity (fbACE

circ , Eq. 3.1)
depends non-linearly on the local [Ang II]. Nevertheless, linearity was assumed to avoid
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Figure 3.3: Simulated (mechanism (i)) vs. experimental a SC and b IV Ang II dose–
plasma [Ang II] response curves. a: Dose response following 7 (light green curve) and
13 (dark green curve) days of SC Ang II infusion. Inset: contribution of endogenous vs.
exogenous Ang II to the total plasma Ang II concentration at that dose (80 ng/min ≈ 282
ng/kg/min assuming a 284 g rat). Narrow bars indicate data used for fitting; wide bars
indicate the model simulation. b: Dose response following 1-hour of IV Ang II infusion.
Circular (diamond) markers indicate data used for fitting (validation). All data is provided
in Table 3.1.

issues of parameter identifiability given the lack of data available at small non-vasopressor
doses of Ang II. Indeed, most studies infuse large doses of Ang II in order to induce
hypertension [14].

Increased intrarenal Ang II production is not required for endogenous Ang II
to accumulate in the kidney during Ang II infusion The remaining data points
used for parameter identification were specific to Ang II concentrations within kidney.
Indeed, feedback parameters were optimized by fitting to the observed fold-change in renal
endogenous and exogenous [141, 142], interstitial [116], and intracellular endosome [180]
[Ang II] following 13 days of SC Ang II infusion at 80 ng/min. As shown in Figure 3.4,
model estimates when mechanism (i) is simulated (dark green bars) are within range of
the experimental data (black bars) in each compartment. Of note, the total renal [Ang II]
after 13 days of Ang II infusion is comprised of approximately equal parts endogenous and
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exogenous Ang II, despite exogenous Ang II making up a larger proportion of the total
plasma [Ang II] at this time (Figure 3.3a, inset). Interestingly, the disproportionate renal
accumulation of endogenous vs. exogenous Ang II is observed despite the rates of renal
Ang II production remaining constant in the model. This suggests that an explicit increase
in renal Ang II production is not required for proportionally more endogenous Ang II to
accumulate in the kidney in Ang II–induced hypertension.

In fact, if explicit feedback on intrarenal endogenous Ang II production is added to the
model in lieu of the feedback on local AT1Rs (i.e. if mechanism (ii) is simulated; Figure 3.4,
light green bars), excess endogenous Ang II and not enough exogenous Ang II accumulates
in the kidney, resulting in an endogenous-to-exogenous ratio that is significantly greater
than what is observed experimentally. Moreover, without the upregulation of basolateral
AT1Rs in particular, an excess amount of Ang II ends up in the interstitial space as opposed
to tubular epithelial cells which contradicts the experimental findings of Nishiyama et al.
[116] and Zhuo et al. [180].
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Figure 3.4: Model fit to renal compartmental Ang II data (black bars) following 13 days of
SC Ang II infusion (dose: 80 ng/min) when mechanism (i) (dark green bars) vs. mechanism
(ii) (light green bars) is simulated. Mechanism (i) is required for the predicted endogenous-
, exogenous-, and compartment-specific concentrations to align with their experimentally
observed values.

AT1R–mediated uptake of Ang II is the primary mechanism by which Ang
II accumulates in the kidney in Ang II–induced hypertension To gain further
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insight into the mechanisms underlying the intrarenal accumulation of Ang II during Ang
II-induced hypertension, we simulated the Ang II infusion experiment carried out by Zou et
al. [184] using both mechanism (i) and (ii) and compared the results to data. In particular,
Zou et al. [184] subcutaneously infused Ang II at 40 ng/min for 13 days and observed a
rapid, slight decrease in the total renal [Ang I], as well as slow rise in the total renal [Ang
II]. When mechanism (i) is simulated, the model is able to closely capture these results,
as shown in Figures 3.2c (light green curve) and 3.5 (solid black curve), respectively. In
contrast, when mechanism (ii) is simulated, the predicted increase in Ang II (Figure 3.5,
dotted black curve) occurs far quicker than is experimentally observed. Indeed, although
intrarenal Ang II is within range on day 13, its concentration is significantly over-predicted
on day 7 and 10 of the infusion. Given this and the results presented in Section 3.3.1, we
conclude that AT1R-mediated uptake of Ang II is the primary mechanism by which Ang
II accumulates in the kidney in Ang II-induced hypertension and that increased local
expression of AT1Rs, not Ang II, is required.

In the next Section, we examine the experimental results presented by Zou et al.[184] in
more detail and use model simulations to offer further insight into the underlying intrarenal
and systemic mechanisms.

3.3.2 Model predictions

Renal [Ang I] decreases throughout the development of Ang II–induced hyper-
tension because of a reduction in plasma [Ang I], not renal renin activity As
shown in Figure 3.2c, renal [Ang I] decreases significantly less than plasma [Ang I] over
the course of the low-dose Ang II infusion. Model simulations can be used to explain this
behaviour. Indeed, the large decrease in plasma [Ang I] (Figure 3.2c, dark green curves)
that accompanies Ang II infusion was found to be sufficient to cause the small decrease in
renal [Ang I] (Figure 3.2c, light green curves) that is observed experimentally; no decrease
in local endogenous production (assumed constant in the model) was required. This is con-
sistent with the experimental observation that renal renin activity is conserved during Ang
II infusion [141]. Possible mechanisms contributing to the maintenance of kidney renin
concentration following Ang II infusion are i) increased renin production in the collect-
ing duct [122, 109, 38, 37] and ii) local pro-renin receptor expression in conjunction with
increased [AGT] from elevated hepatic (see Section 3.3.1) [184, 98] and proximal tubule
[107, 109, 70, 72] AGT production.
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Figure 3.5: Model validation against whole kidney Ang II time series data following SC
Ang II infusion (dose: 40 ng/min). Model simulations generated using mechanism (i) (solid
curves), mechanism (ii) (dotted curves), and no intrarenal feedback (fbAT1R

Pt = 0, Eq. A.21;
fbTbAT1R = 0, Eq. A.14; fbAngI

Tb = 0, Eq. A.8; dashed curves) are shown. Mechanism (i)
is required to observe a slow-rise in intrarenal [Ang II] (solid black curve) that is consistent
with experimental results (Ref. [184]; diamonds).

Enhanced AT1R expression permits the intrarenal accumulation of endogenous
Ang II during the second week of low-dose subcutaneous Ang II infusion By
simulating the Ang II infusion experiment carried out by Zou et al. [184] in the absence and
presence of intrarenal Ang II–dependent AT1R positive feedback, we can gain insight into
its role in the development of Ang II-induced hypertension. Indeed, the model predicts that
the feedback on AT1R expression is particularly important in the kidney during the second
week of low-dose (40 ng/min) SC Ang II infusion: During the first week, exogenously-
infused Ang II (Figure 3.5, light green curves) alone accounts for the majority of the
increase in total renal [Ang II], even with all renal positive feedback removed (Figure 3.5,
dashed curves). This is no longer true in the second week of infusion, where up-regulated
AT1R expression is required for a sufficient concentration of endogenous Ang II (Figure
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3.5, dark green curves) to accumulate in the kidney.

Given that the renal mechanisms that affect blood pressure are compartment specific,
local changes to the distribution of renal angiotensin peptides may lead to blood pressure
dis-regulation. Therefore, in the next section we investigate the distributional changes in
renal [Ang II] that accompany Ang II infusion to gain insight into the development of Ang
II–induced hypertension.

The accumulation of Ang II in tubular epithelial cells is likely crucial to the
onset of Ang II–induced hypertension Figure 3.6 illustrates the predicted temporal
change in the renal distribution of [Ang II] during low-dose (40 ng/min) Ang II infusion.
In a normotensive rat, the tubular compartment makes up the majority of the total renal
[Ang II] (Figure 3.6a, time 0), with the highest concentration of peptides in the luminal
fluid (Figure 3.6b, time 0). As shown in Figure 3.6, this does not change significantly over
the first 5 days of low-dose SC Ang II infusion. However, at this point the exogenously
infused Ang II has sufficiently increased the concentration of apical and basolateral-bound
AT1R–Ang II complexes [AT1R − bound AngII]Memb

Tb and [AT1R − bound AngII]Memb
Pt

over their steady states to activate the positive feedback on AT1R expression (fbAT1R
Tb > 0

and fbAT1R
Pt > 0; Eq.A.14 and A.21). As a result, a feed-forward loop is initiated, whereby

increased AT1R expression leads to more AT1R–Ang II binding (Figure 3.6c) which results
in more AT1R expression, and so on. Ultimately, more AT1R–Ang II complexes become
internalized through both the apical and basolateral membranes of tubular epithelial cells,
causing Ang II to accumulate in this intracellular compartment (Figure 3.6d). In particular,
since the strength of the positive feedback on basolateral AT1R expressionKAT1R

Pt is greater
than that of apical AT1R expression KAT1R

Tb (Table 3.2), a greater proportion of Ang
II accumulates via the basolateral membrane i.e. within the peritubular compartment.
Interestingly, the time at which Ang II starts accumulating in the peritubular and tubular
intracellular compartments of the model, i.e. in tubular epithelial cells, (day 6) coincides
exactly with when the rats in Zou et al. [184]’s study started exhibiting a detectable increase
in systolic blood pressure. This indicates that the accumulation of Ang II in tubular
epithelial cells may play a key role in the development of Ang II-induced hypertension,
likely through the stimulation of sodium reabsorption [46, 139, 50, 136].

3.3.3 Local sensitivity analysis

To determine the robustness of the aforementioned results, a local parametric sensitivity
analysis was performed after simulating the Ang II infusion experiment performed by
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Figure 3.6: Temporal change in the renal distribution of [Ang II] throughout 13 days of SC
Ang II infusion at 40 ng/min. Panels depict the relative contribution of each compartment
to the: (a) total renal [Ang II], (b) extracellular fraction of renal [Ang II], (c) membrane-
bound fraction of renal [Ang II], and (d) intracellular fraction of renal [Ang II].

Zou et al. [184]. Indeed, the percent change in all intrarenal and systemic RAS peptide
concentrations on day 13 of the 40 ng/min infusion following a 10% increase in each model
parameter were computed.

As shown in Figure 3.7, the model predictions following 13 days of SC 40 ng/min
Ang II infusion are most sensitive to changes in the same baseline parameters (parameters
that affect the model at steady state) that the model’s steady state was (kTb

AngI , c
Tb
ACE, kmeg,

kdiff ; see Section 2.4.1). Moreover, parameter changes that increase the rate of endogenous
Ang II production at baseline (kAGT , cchym, vmax, k

Tb
AngI , and cTb

ACE) often decrease the
concentration of tubular epithelial cell-associated Ang II. This is because the same amount
of exogenous Ang II is entering these compartments, but there is more endogenous AT1R–
bound Ang II at baseline. Hence, any exogenous AT1R–Ang II binding elicits a smaller
fold-increase in the AT1R–bound Ang II concentration which blunts the positive feedback
on AT1R expression fbAT1R

Tb and fbAT1R
Pt (Eq. 3.1) and leads to less cell-associated Ang II.

In terms of the feedback parameters, an increase in the rate of Ang II reabsorption from
the SC tissue ka has the most significant impact on the model predictions following Ang
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II infusion (Fig 3.7). Indeed, the faster the exogenous Ang II is reabsorbed, the sooner all
positive feedback gets activated allowing for greater accumulation of Ang II in the kidney
and greater endogenous production in the plasma. The only other feedback parameter that
notably affects the accumulation of Ang II in the kidney during infusion is the strength
of the positive feedback on AT1R expression along the basolateral membrane of tubular
epithelial cells KAT1R

Pt . Indeed, a 10% increase in this parameter elicits a 25% increase
in cell-associated Ang II in the peritubular compartment. As a result, 7% more Ang II
accumulates in the kidney during the Ang II infusion. A similar effect is observed when the
strength of the AT1R expression feedback along the apical membrane KAT1R

Tb is increased.
However, given its smaller original value, a 10% increase in this parameter elicits only a
4% change in cell-associated Ang II in the tubular compartment. This isn’t enough to
significant alter the whole kidney [Ang II].

In future work, it would be beneficial to additionally perform a global parametric
sensitivity analysis, whereby the impact of concerted parameter changes on the model
predictions are examined.

3.4 Discussion

The primary goal of this Chapter was to gain insight into the role of the intrarenal RAS in
the development of hypertension induced by Ang II infusion. To accomplish this, the math-
ematical model of the RAS presented in Chapter 2 was extended to include both intrarenal
and systemic positive feedback and then used to simulate Ang II infusion experiments fol-
lowing its validation. In particular, the low dose (40 ng/min), 13 day subcutaneous Ang
II infusion experiment carried out by Zou et al. [184] was replicated and the results were
examined in detail.

AT1R-mediated uptake of circulating Ang II and enhanced endogenous Ang II gener-
ation have both been suggested as key mechanisms contributing to enhanced renal accu-
mulation of Ang II during the development of hypertension [71, 109, 141, 142, 159, 180,
70, 35, 40]. Model simulations suggest that AT1R-mediated uptake of Ang II into tubular
epithelial cells is the primary mechanism by which Ang II accumulates in the kidney during
low-dose Ang II infusion, and that enhanced local Ang II production is not required (see
below). This is consistent with the findings of Zhuo et al. [180], who found that blocking
AT1R–Ang II binding via ARB administration not only prevents the accumulation of Ang
II in renal intracellular endosomes, but in the entire kidney itself. We also determined
that this effect requires an Ang II–mediated increase in AT1R expression, mainly along
the basolateral membrane of these cells. This result is also corroborated by Zhuo et al.
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Figure 3.7: Percent change in the predicted systemic and intrarenal RAS concentrations
after 13 days of 40 ng/min SC Ang II infusion to a 10% increase in each parameter value.

[180], who found that increased AT1R expression in renal endosomes is, at least in part,
responsible for the observed increase in intracellular trafficking of Ang II into renal intra-
cellular endosomes following Ang II infusion. An Ang II-dependent increase in proximal
tubule AT1R expression has also been reported by other sources [182, 21], though to our
knowledge, its functional role had yet to be discussed until now. Our results suggest that
this feedback is likely crucial to the development of hypertension because it permits the
intracellular accumulation of Ang II in tubular epithelial cells (see below).
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Notably, Ang II was able to accumulate in the simulated kidney without the need to ex-
plicitly increase the local endogenous production of Ang II. In fact, more endogenous than
exogenous Ang II accumulated in tubular epithelial cells once AT1Rs were up-regulated
because the predicted basal rate of endogenous production of Ang II in the kidney ex-
ceeded the rate of exogenous Ang II entry into the kidney. An explicit increase to the rate
of endogenous Ang II production was not required for this to be true and instead resulted
in excess endogenous and insufficient exogenous Ang II accumulation at a rate that far
exceeded experimental findings. An assumed constant renal renin activity was instead suf-
ficient because it ensured that the renal [Ang I] and thus the local endogenous production of
Ang II decreased only slightly during the infusion, despite the significant decrease in plasma
[Ang I]. It is thus likely that the Ang II-dependent AGT amplification mechanism that has
been reported in the proximal tubule [107, 109, 70, 40, 72, 138] primarily contributes to
the maintenance of renal renin activity [141]. It does not necessarily result in increased
endogenous Ang II production above baseline. An elevated renal AGT concentration is
able to influence renal renin activity because the kidney expresses pro-renin receptors that
reduce the Michaelis constant for renin–AGT binding [111, 110, 12, 163]. This is not the
case in the plasma, where we showed that hepatic AGT amplification [91, 138, 106] had
an inconsequential effect on PRA and thus, the systemic RAS. We thus hypothesize that
this systemic positive feedback mainly influences the intrarenal RAS, since hepatic AGT
has been reported as the primary source of AGT in the kidney [98].

In addition to the hepatic AGT positive feedback [91, 138, 106], model simulations sug-
gest that systemic ACE activity is likely also up-regulated by Ang II. Firstly, while sufficient
endogenous Ang II was able to accumulate in the kidney without increasing local Ang II
production, this was no longer the case in the plasma. Indeed, without enhanced systemic
Ang II production, the experimentally measured endogenous concentration of plasma Ang
II [141, 142] was under-predicted by the model. Secondly, the reduction in PRA resulting
from the Ang II-dependent feedback on renin secretion from the juxtaglomerular apparatus
was not sufficient to cause the drop in plasma [Ang I] that was observed experimentally in
Ref. [184]. Indeed, without enhanced ACE activity (and thus, more rapid degradation of
Ang I), the plasma [Ang I] far exceeded what the data suggested. While similar feedback
has been documented in the kidney [132, 73], future experiments are required to confirm
its existence in the systemic circulation.

Finally, we found that the simulated onset of Ang II accumulation in tubular epithelial
cells coincided exactly with the experimental inception of hypertension on day 6 of the
Ang II infusion experiment performed by [184]. The model thus suggests that the delayed
rise in blood pressure is the result of the time it takes for the positive feedback on renal
AT1R expression to be sufficiently activated by exogenous Ang II and consequently, for
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Ang II to begin accumulating within tubular epithelial cells. Hence, it is likely that the
stimulation of sodium reabsorption [46, 50, 139, 136] following the association of Ang II
with these cells plays a crucial role in the development of hypertension. This hypothesis
will be further explored in Chapter 5 by coupling our intrarenal RAS model to Ahmed and
Layton [1]’s whole-body model of blood pressure regulation that considers cardiovascular
function, renal hemodynamics, renal sodium and fluid handling, the renal sympathetic
nervous system, and the connections between these systems.

3.4.1 Model limitations and future extensions

The main limitation of this model is that it considers the intrarenal and systemic RAS
in isolation, when in reality these systems influence and are influenced by many other
physiological processes. For example, an increase in renal Ang II is known to affect renal
hemodynamic function by increasing afferent and efferent arteriole resistance [1, 173, 25].
This results in an increased filtration fraction (lower renal blood flow, sustained glomerular
filtration rate) [154, 25], which will in turn affect the intrarenal distribution of Ang II.
This cascade of events is not captured by the present model, which assumes that all renal
hemodynamic parameters are known a priori and as such are unaffected by Ang II infusion.
In future work, the model can be extended to consider all renal hemodynamic flow rates
and volumes as variables instead of parameters. In this way, the interplay between Ang II
and renal hemodynamics can be incorporated and investigated in detail.

A key consequence of the model’s limited scope is that the downstream effects of altered
systemic and renal RAS peptide concentrations are not modelled explicitly. We are thus
forced to make assumptions about blood pressure based on prior knowledge of the processes
affected by local Ang II concentrations (e.g. sodium reabsorption), without modelling mean
arterial pressure directly. As discussed above, this limitation is addressed in Chapter 5 by
incorporating the present intrarenal RAS model into Ahmed and Layton’s whole-body
blood pressure regulation model [1]. Using the resulting more comprehensive model, the
effect of intrarenal Ang II accumulation on mean arterial pressure is studied explicitly.

The effects of anti-hypertensive therapies on the intrarenal RAS can also be studied in
the future by creating PK models of various drugs of interest and coupling them to the
intrarenal RAS model presented here. In Chapter 4, this is done for the ARB Losartan.
However, future work could focus on other classes of anti-hypertensive therapies such as
the ACEi.

By fine-tuning its excretory function, the kidney plays a predominant role in blood
pressure regulation [44]. Indeed, transplantation studies have demonstrated that hyper-
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tension follows the kidney [41]. As such, the mechanisms by which intrarenal RAS regulate
blood pressure can be examined by coupling the present model to a kidney function model
that simulates epithelial transport of electrolytes and water, such as those by Refs. [77],
[75], [140], [29], and [19]. The coupling can be formulated based on the known connec-
tions between Ang II, AT1Rs, and ion transport [11, 157]. The RAS-mediated electrolyte
transport predicted by the kidney model can modulate glomerular filtration rate via the
tubuloglomerular feedback [28, 74], thereby influencing intrarenal RAS distribution.

The current intrarenal RAS model does not consider sex differences, even though it has
been long established that the steady state concentrations of most systemic RAS peptides
differ between males and females [119], and each sex responds differently to antihyper-
tensive therapies that target the RAS [84]. To account for and explain these disparities,
Leete et al. [84] parameterized separate computational models of the systemic RAS for
male and female rats. In future work, our intrarenal RAS model could also be extended
to account for the known sex differences that exist both at the systemic and intrarenal
level using the experimental measurements collected by Pendergrass et al. [119]. A key
requirement of this model would be the addition of angiotensin type 2 receptors (AT2Rs),
given their lower expression levels in males than females [119] and their hypothesized in-
volvement in sex-specific anti-hypertensive therapy responses [84]. This extension would
not only be beneficial for studying sex-differences in the intrarenal RAS, but also the role
of AT2Rs in the kidney in hypertension in general. Nevertheless, a sex-specific model
could be used to infer sex-differences that exist at the compartmental level (tubular fluid,
interstitial space, vasculature, etc.), based on the whole-tissue peptide concentrations that
are available [119]. The sex-specific intrarenal RAS models could also later be coupled to
a sex-specific blood pressure regulation model [1], a sex-specific epithelial solute transport
model [92, 56, 57, 58], or a sex-specific renal blood flow model [20] to study whether the
roles of the intrarenal RAS in hypertension and renal function differ between the sexes.

Finally, the present model does not represent the circadian rhythms long observed in the
systemic RAS [52] and likely present in the intrarenal RAS. By expanding the present model
to incorporate circadian variations in appropriate model parameters, and possibly coupling
the resulting RAS model to a kidney function model that represents circadian rhythms
[76, 164], the resulting integrative model can be a useful tool for studying the circadian
regulation of blood pressure and how its disruption may contribute to the pathogenesis of
hypertension [27].
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Chapter 4

Angiotensin-receptor blockers and
the intrarenal renin angiotensin
system in hypertension: A PK/PD
modelling study

Abstract

Hypertension is the leading cause of cardiovascular disease and premature
death worldwide. Although it is a highly complex and multi-factorial condi-
tion, anti-hypertensive therapies that target the RAS are commonly prescribed
and often highly effective in restoring normo-tension [60]. However, little is
known about how these medications influence the intrarenal RAS. Angiotensin-
receptor blockers (ARBs) in particular have been shown to attenuate the rise in
intrarenal Ang II observed in various experimental models of hypertension as-
sociated with an over-active RAS. The inhibition of all positive feedback loops
inherent to the intrarenal RAS, also known as the key point breakdown ef-
fect, has been hypothesized to mediate this response. Here, we investigate the
validity of this hypothesis using computational modelling. Indeed, a PK/PD
model of the ARB Losartan that considers the kidney was developed and used
to study how this class of medication influences intrarenal RAS activity, and
consequently blood pressure regulation in male rats. Simulations indicate that
although the key point break down effect is indeed what prevents intrarenal
Ang II levels from rising under concurrent Ang II and Losartan administration,
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this alone is likely not responsible for the drug’s blood pressure normalizing
effects. Instead, we hypothesize that Losartan administration restores normo-
tension by restricting Ang II to regions of the kidney where the peptide cannot
initiate any downstream signalling. Indeed, there was a drastic shift in the
intrarenal distribution of Ang II from primarily cell-associated to primarily
free (extracellular) peptides following Losartan treatment in silico. The results
highlight the specific impact of ARBs on intrarenal RAS activity and elucidate
the mechanisms underlying their effectiveness as an anti-hypertensive therapy.

4.1 Introduction

Although hypertension is a highly complex and multi-factorial condition, anti-hypertensive
therapies that target the RAS are often highly effective treatment strategies [60], due to
the long established role of the RAS in blood pressure regulation [36]. Despite the fact
that many hypertensive actions of Ang II take place within the kidney (Figure 1.2b), little
is known about the impact of these medications on the intrarenal RAS specifically.

The intrarenal accumulation of Ang II that is observed in Ang II-induced hypertensive
rats, and whose mechanisms were studied in Chapter 3, is prevented by treatment with
ARBs. ARBs are a common anti-hypertensive medication that targets the RAS by binding
to and blocking AT1Rs. How does this class of medication influences the activity of the
intrarenal RAS? Addressing this question would significantly improve our understanding of
clinical hypertension, and that can have wide benefits, given the commonality of intrarenal
RAS over-activation across pre-clinical hypertensive models and the effectiveness of ARBs
as an anti-hypertensive treatment strategy.

It has been hypothesized that ARBs regulate intrarenal Ang II levels by inhibiting
all positive feedback loops inherent to the intrarenal RAS, including the up-regulation of
proximal tubule angiotensinogen (AGT), collecting duct renin, and tubular epithelial cell
AT1R expression. This is also known as the “key point break down effect” [170]. An
objective of this Chapter is to investigate the validity of this hypothesis. This is accom-
plished by coupling our comprehensive model of the rat intrarenal RAS that incorporates
each of these feedback loops to a pharmacokinetic model of an ARB. In particular, we
simulate and compare Ang II infusion experiments with and without ARB treatment, to
study two clinically relevant questions: (i) Which Ang II accumulation mechanism, en-
hanced AT1R-mediated uptake (UPTK) or increased endogenous production (PROD), is
the primary target of ARB treatment? (ii) How does this influence the general activity of
the intrarenal RAS, and therefore blood pressure regulation?
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To accomplish the aforementioned goals, we simulate the Ang II infusion experiments of
Zou et al. [184], which were performed with and without continuous treatment with Losar-
tan. Losartan was the first ARB prescribed to treat clinical hypertension, and remains
an important drug in basic and clinical research today [170]. Following its oral admin-
istration, Losartan is reabsorbed from gastrointestinal tract into the systemic circulation
where, after entering the liver, it becomes metabolized into EXP3174 by cytochrome p450
enzymes [151]. Both Losartan and its metabolite EXP3174 are competitive antagonists
that selectively bind AT1Rs with a high affinity [104, 170].

In published computational models, the effect of Losartan on the RAS is often rep-
resented implicitly via a parameter that reduces Ang II-AT1R binding by an arbitrary
target amount [84]. However, because we wish to simulate specific Losartan administra-
tion experiments, where the change in AT1R-bound Ang II in all compartments (systemic
and intrarenal) is not explicitly quantified, the same approach cannot be applied in this
case. Instead, a pharmacokinetic model describing Losartan and its metabolite EXP3174
is desirable, as it can be coupled to our RAS model from Chapter 2 via the drug’s known
AT1R binding properties. Such a model has previously been developed to study gastric
emptying [65]. However, that model simulates a single oral dose of the drug (not continuous
treatment with Losartan), and does not consider the kidney as a separate compartment
(thus not appropriate for studying intrarenal RAS) .

In this Chapter, we develop a novel pharmacokinetic model of Losartan and its bio-
active metabolite EXP3174 in rats and we couple this model to our existing intrarenal
RAS model. The combined model is then used to simulate the Losartan administration
experiments performed by [184]. Simulation results elucidate the mechanisms by which
ARBs effectively target the intrarenal RAS to prevent its dis-regulation and consequently,
the development of hypertension following Ang II infusion.

4.2 Methods

4.2.1 Pharmacokinetic model

The PK model considers Losartan and EXP3174 dynamics in the rat across four com-
partments: the gastrointestinal (GI) tissue compartment, the systemic vasculature com-
partment, the peripheral tissue compartment, and the renal tissue compartment. Orally-
administered Losartan first enters the GI compartment, before being absorbed into the
systemic blood plasma (the systemic vasculature compartment) where a portion is con-
verted into its bio-active metabolite EXP3174 by cytochrome p450 enzyme activity [151].
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Both Losartan and its metabolite are then re-distributed into the poorly perfused organs
(the peripheral tissue compartment) and the kidney (the renal tissue compartment). The
renal compartment is divided into the same tissue sub-compartments as the intrarenal
RAS model outlined in Chapter 2: the glomerular sub-compartment, the peritubular sub-
compartment, the tubular sub-compartment, and the vasculature sub-compartment (Fig-
ure 2.1). The pharmacokinetic model is coupled to that of the intrarenal RAS through
Losartan and EXP3174-AT1R-binding in the systemic and intrarenal compartments (see
Section 4.2.2). The equations used to model the concentrations of Losartan and EXP3174
in each compartment are described in detail below, with a schematic diagram provided in
Figure 4.1.

Gastrointestinal tissue compartment

The rate of change of the amount of Losartan in the GI compartment, LosGI , is determined
by the balance between the drug’s administration rate KLos and its absorption into the
systemic compartment with rate kLosa :

dLosGI

dt
(t) = KLos(dose, t)− kLosa LosGI(t) (4.1)

We simulate two different modes of drug delivery; via a single oral dose and in drinking
water. The respective simulations differ in their definition of the source term KLos(D, t)
and the initial condition LosGI(0). To simulate a single oral dose D (fmol) of Losartan,
we set

Klos(D, t) = 0 and LosGI(0) = D

Thus, the given dose of Losartan is absorbed into the systemic compartment upon being
administered at t = 0. To simulate a dose D (fmol) of Losartan administered in drinking
water each day, we set

Klos(D, t) =

{
D
∆t

if t ≤ ∆t

0 if t > ∆t

where ∆t = 12 hours and LosGI(0) = 0. Indeed, the rat is assumed to be awake, constantly
drinking water during the first 12 hours of the day and asleep for the remaining 12 hours.
In this way, they consume their entire daily dose of Losartan in their awake period. To
simulate a drug administered in drinking water over multiple days, we run the model
iteratively, using the last time point of the previous iteration as the initial condition for
the next iteration.
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Figure 4.1: Schematic representation of the pharmacokinetic model. The definition of all
variables can be found in the text. Orally-administered Losartan enters the circulation
(systemic compartment; red) via absorption from the gastrointestinal compartment (light
grey) where a portion is converted into its bio-active metabolite EXP3174 by cytochrome
p450 enzymes. These molecules are then re-distributed into the poorly perfused organs (the
peripheral tissue compartment; yellow) and the kidney (the renal compartment; black). In
the kidney, the molecules may either bind to regional AT1Rs, be excreted in urine (at a
rate of ϕU), or get reabsorbed back into the systemic compartment.

Systemic vasculature compartment

Losartan begins accumulating in the systemic plasma upon being reabsorbed from the
GI compartment with rate klosa . In plasma, Losartan can be converted to EXP3174 by
cytochrome p450 enzymes [151] with rate kcyt, degraded naturally with rate kLoselim, redis-
tributed to the peripheral compartment with rate ksp, or filtered into the kidney (the renal
compartment) at a rate proportional to renal plasma flow ϕRPF (scaled by the ratio of
kidney weight WK to circulating plasma volume Vcirc). Losartan subsequently returns to
the systemic circulation from the peripheral compartment at rate kps, the peritubular in-
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terstitial space at a rate proportional to lymphatic flow ϕL, and the renal (post-glomerular)
blood vasculature at a rate proportional to ϕRPF −ϕL−ϕU . Finally, plasma Losartan may
to bind to and unbind from systemic AT1Rs (Eq. 4.7) with rates kLosass and kLosdiss, respectively.

d[Los]circ
dt

(t) =
klosa

Vcirc
LosGI(t)−

(
WK

Vcirc
ϕRPF + ksp + kcyt + kloselim

)
[Los]circ(t)

+ kps[Los]peri(t) +
WK

Vcirc
ϕL[Los]

Ext
Pt (t)

+
WK

Vcirc
(ϕRPF − ϕL − ϕU) [Los]Pv(t)

+ kLosdiss[AT1R− bound Los]Memb
circ (t)

− kLosass [AT1R]
Memb
circ (t)[Los]circ(t)

(4.2)

In the systemic plasma, EXP3174 is produced from Losartan via cytochrome p450
enzyme activity with rate kcyt. Otherwise EXP3174 behaves identically to Losartan in this
compartment, differing only in the rate of elimination kexpelim, AT1R binding kEXP3174

elim , and
AT1R unbinding kEXP3174

diss .

d[EXP3174]circ
dt

(t) = kcyt[Los]circ(t)−
(
WK

Vcirc
ϕRPF + ksp + kEXP3174

elim

)
[EXP3174]circ(t)

+ kps[EXP3174]peri(t) +
WK

Vcirc
ϕL[EXP3174]

Ext
Pt (t)

+
WK

Vcirc
(ϕRPF − ϕL − ϕU) [EXP3174]Pv(t)

+ kEXP3174
diss [AT1R− bound EXP3174]Memb

circ (t)

− kEXP3174
ass [AT1R]Memb

circ (t)[EXP3174]circ(t)

(4.3)

Peripheral tissue compartment

Both Losartan and EXP3174 are assumed to enter and exit the peripheral compartment
at the same rates of ksp and kps, respectively. Consequently the rate of change of the
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peripheral concentration of metabolite X (X = Los, EXP3174) is given by:

d[X]peri
dt

(t) = ksp[X]circ(t)− kps[X]peri(t) (4.4)

Renal tissue compartment

In the kidney, the concentration of Losartan and EXP3174 is described by their redis-
tribution among the extracellular regions of the intrarenal sub-compartments and their
association/dissociation with local membrane-bound AT1Rs. The structure of the equa-
tions describing the dynamics of each metabolite is similar to that of Ang I and II in
the intrarenal RAS model and as such, is similar across all intrarenal sub-compartments.
Therefore, as done in Section 2.1, we introduce a general equation describing the rate of
change of extracellular Losartan (X = Los) and EXP3174 (X = EXP3174) in compart-
ment C below, where C = Gl, Tb, Pt, or Pv.

d[X]Ext
C

dt
(t) =

1

V Ext
C

(∑
j

QCExt
inj

[X]Ext
Cinj

(t)−QCExt
out [X]Ext

C (t)

)

+ kXdiss[AT1R− bound X]Ext
C (t)− kXass[X]Ext

C (t)[AT1R]Ext
C (t)

(4.5)

The first line represents the balance between the j fluxes into sub-compartment CExt

from sub-compartment CExt
inj

with rate QCExt
inj

and the flux out of sub-compartment CExt

with rate QCExt
out . The number of incoming fluxes j differs for each compartment, as sum-

marized in Table 4.1. V Ext
C is a parameter describing the volume of each extracellular

sub-compartment. All flux rates and volume parameters are consistent with those of the
intrarenal RAS model (Table 2.2). The last line of Eq. 4.5 represents the unbinding and
binding of metabolite X to membrane-bound AT1Rs with rates kXdiss and k

X
ass, respectively.

For the complete set of model equations in the renal compartment, see Appendix B.
For a detailed schematic of the PK model, see Figure 4.1.

4.2.2 Coupling the RAS and pharmacokinetic models

As aforementioned, the PK model is coupled to that of the RAS through Losartan- and
EXP3174-AT1R binding in the systemic and renal model compartments. We assume for
simplicity that membrane-bound AT1R-Losartan and AT1R-EXP3174 complexes are not
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C QCExt
inj

[X]Ext
Cinj

(t) QCExt
out

Gl ϕL [X]circ(t) ϕL

Tb
ϕGFR [X]circ(t) kdiff + ϕU
ϕGl [X]Ext

Gl (t)

Pt kdiff [X]Ext
Tb (t) ϕPv + ϕL

Pv
ϕRPF − ϕGFR − ϕGl [X]circ(t) ϕRPF − ϕL − ϕU

ϕPv [X]Ext
Pt (t)

Table 4.1: Intrarenal sub-compartment-specific parameters corresponding to Eq. 4.5.

internalized. In this way, the dynamics of these complexes are described by substrate-
receptor association and dissociation with rates kXass and k

X
diss, respectively, where X = Los

or EXP3174:

d[AT1R− bound X]Memb
C

dt
(t) = kXass[AT1R]

Memb
C (t)[X]Ext

C (t)

− kXdiss[AT1R− bound X]Memb
C (t)

(4.6)

In this general equation, C = circ, Gl, Pt, Tb, or Pv. To account for AT1R binding to
Losartan and EXP3174 in the RAS model, we update the previous equations describing
membrane-bound free AT1R dynamics in all compartments as follows:

[AT1R]Memb
circ (t) = [AT1R]Tot

circ − [AT1R− bound AngII]Memb
circ (t)

− [AT1R− bound Los]Memb
circ (t)

− [AT1R− bound EXP3174]Memb
circ (t)

(4.7)
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V Exp
Gl [AT1R]Memb

Gl (t) = AT1RTot
Gl

− V Exp
Gl [AT1R− bound AngII]Memb

Gl (t)

− V Cell
Gl [AT1R− bound AngII]Cell

Gl (t)

− V Cell
Gl [AT1R]Cell

Gl (t)

− V Exp
Gl [AT1R− bound Los]Memb

Gl (t)

− V Exp
Gl [AT1R− bound EXP3174]Memb

Gl (t)

(4.8)

[AT1R]Memb
Pv (t) = [AT1R]Tot

Pv

− [AT1R− bound AngII]Memb
Pv (t)

− [AT1R− bound Los]Memb
Pv (t)

− [AT1R− bound EXP3174]Memb
Pv (t)

(4.9)

d[AT1R]Memb
C

dt
(t) = kdiss[AT1R− bound AngII]Memb

C (t)

− kass[AT1R]
Memb
Tb (t)[AngII]Ext

C (t)

+ krec
V Ext
C

V Cell
P t,T b

[AT1R]Cell
C (t)

+ fbAT1R
C

(
RMemb

C (t)
)

+ kLosdiss[AT1R− bound Los]Memb
Tb (t)

− kLosass [AT1R]
Memb
Tb (t)[Los]Ext

Tb (t)

+ kEXP3174
diss [AT1R− bound EXP3174]Memb

Tb (t)

− kEXP3174
ass [AT1R]Memb

Tb (t)[EXP3174]Ext
Tb (t)

(4.10)
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where C = Tb or Pt.

To facilitate running Losartan administration experiments in silico, we also modify
the secretion of renin from the juxtaglomerular apparatus such that the strength (BAT1R;
Eq. 4.11) of the AT1R- and Ang II-dependent feedback (νAT1R; Eq. 2.13) can differ in
a situation where renin is meant to increase or decrease, i.e. when AT1R-bound Ang II
decreases or increases, respectively. In the previous formulation, the fitting of BAT1R was
restricted to a situation where renin secretion was meant to decrease, i.e. Ang II infusion
experiments. In contrast, following Losartan administration renin secretion is expected to
increase. Hence, we allow BAT1R to depend on the ratio of [AT1R − bound AngII]Memb

Gl

to control (RMemb
Gl (t)), such that:

BAT1R(R
Memb
Gl (t)) =

{
B+

AT1R if RMemb
Gl (t) ≤ 1

B−
AT1R if RMemb

Gl (t) > 1
(4.11)

We take B−
AT1R = 2.9, the value previously fit to Ang II infusion data (Table 3.1) in

Chapter 3. We determine B+
AT1R using Losartan administration data (Section 4.2.3).

Finally, we maintain the assumption that renal renin activity kCAngI remains constant
following Losartan administration. This has been observed experimentally in the case of
Ang II infusion [141]. However, to our knowledge, similar data is not available following
Losartan treatment. We therefore base this assumption on the results presented in Chap-
ter 3, that implicit positive feedback on intrarenal AGT and renin production counteracts
the decrease in filtered renin from the systemic circulation. Given this, it seems plausi-
ble that any increase in filtered renin (caused by an increase in PRC following Losartan
treatment) is also balanced by the inhibition of local intrarenal AGT and renin production.

4.2.3 Model parameter identification

The compartment volume and renal hemodynamic parameters present in the PK model
were taken directly from the RAS model’s parameter set (Table 2.2). It was assumed that
the rate of association of AT1Rs with Losartan and EXP3174 was the same as Ang II, i.e.
that kLosass = kEXP3174

ass = kass = 2.4 × 10−5 /fmol/mL per min [135]. The dissociation rates
for each metabolite X (X = Los, EXP3174) were then computed using the expression
kXdiss = kassK

X
D , where KX

D is the dissociation constant of metabolite X reported in the
literature (KLos

D = 10.6nM, KEXP3174
D = 4.7nM) [104]. The remaining model parameters
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(apart from B+
AT1R) were estimated by simulating a single oral dose (10 mg/kg) of Losar-

tan and minimizing the error (Eq. 3.9) between the simulated and experimental plasma
drug concentration time series from Ref. [90]. MATLAB’s nonlinear programming solver
fmincon was used for the optimization. Lastly, B+

AT1R was identified by administering 30
mg/kg of Losartan per day in drinking water to the model and comparing the average
fold-change in PRA on day 13 to the data from Ref. [184].

4.3 Results

4.3.1 Model parameter identification

Parameter Description Value Unit

kLosa Rate constant for Losartan absorption from the GI compartment 0.023 /min

kcyt Rate of EXP3174 formation from Losartan from cytochrome P450 enzymes 0.602 /min

ksp Rate of distribution into the peripheral compartment 8.95 /min

kps Rate of re-distribution into the systemic compartment 0.060 fmol/g kidney

kLoselim Rate of Losartan elimination from the systemic compartment 0.00020 /min

kEXP3174
elim Rate of EXP3174 elimination from the systemic compartment 0.32 /min

B+
AT1R Strength of Ang II–AT1R feedback on renin secretion when the [complex] decreases 0.545 –

Table 4.2: Losartan-EXP3174 pharamcokinetic model parameters

As outlined in section 4.2.3, a single oral dose (10 mg/kg) of Losartan was administered
to the model and the sum of squared errors (Eq. 3.9) between the true and simulated
plasma [Losartan] and plasma [EXP3174] time series was minimized to identify the model
parameters. The optimized parameter set is given in Table 4.2, with the simulated (curves)
and true time series (markers) shown in Figure 4.2.

Below, fitting results specific to the strength of Ang II-AT1R feedback on renin secretion
B+

AT1R are detailed and the model is validated against the remaining Ang II infusion and
Losartan administration experimental data from Ref. [184].

4.3.2 Model validation

In addition to the Ang II infusion experiment (experiment (i): Ang II ) detailed in Chap-
ter 3, Zou et al. [184] also performed two Losartan administration experiments, where 30
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Figure 4.2: Model fit (curves) to plasma Losartan and EXP3174 concentration time series
data (markers) following a single oral dose (10 mg/kg) of Losartan.

mg/kg of Losartan was administered per day in drinking water either alone (experiment
(ii): Losartan) or in conjunction with 40 ng/min of Ang II (experiment (iii): Ang II +
Losartan). Replicating these experiments in silico forms an important step towards the
validation of our model.

Figure 4.3 compares the results of each simulated experiment to the data that was
collected by Zou et al. [184]. In particular, the average (day 13) simulated (wide bars)
and experimental (narrow bars) RAS peptide concentrations are compared to their control
values (i.e. the model steady state; Table 2.5). The results of experiment (i) have already
been detailed previously in Chapter 3 and are therefore shown for comparison purposes.
All data points relating to experiments (ii) and (iii), apart from the increase in PRA under
Losartan administration alone (Figure 4.3, starred bar) which was used to fit B+

AT1R (see
Section 4.2.3), were kept for model validation. In general, the simulations show good
agreement to data, capturing the experimental trends well. This not only speaks to the
robustness of the coupled model, whose PK parameters were identified using data obtained
via a different drug administration route (single oral dose vs. in drinking water) and over
a different time scale (1 day vs. 2 weeks), but also to the adaptability of the original RAS
model, whose parameters (apart from the addition of B+

AT1R) did not need to be modified to
accurately predict the variations in systemic and intrarenal RAS peptides that are induced
by Losartan.

Model simulations indicate that once administered, Losartan and EXP3174 rapidly
bind to systemic and intrarenal AT1Rs, significantly reducing the concentration of AT1R–
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Figure 4.3: Model validation (wide bars) against RAS peptide data (experimental) on
day 13 of experiment (i): 40 ng/min subcutaneous Ang II infusion; experiment (ii): 30
kg/mg/day Losartan administration in drinking water; and experiment (iii): 40 ng/min
subcutaneous Ang II infusion alongside 30 kg/mg/day Losartan administration in drinking
water of Ref. [184]. Control (steady state) concentrations are also provided for comparison.

bound Ang II in all compartments (see Section 4.3.3). With [AT1R− bound AngII]Memb
Gl

significantly reduced, the secretion of renin from the juxtahlomerular apparatus of the
kidney is increased (Eq. 2.13) causing PRA to rise significantly. As a result, plasma
[AGT] decreases and plasma [Ang I] increases above control. Model simulations confirm
that the observed decrease in plasma [AGT] is the consequence of both enhanced renin
activity and a blockage of positive feedback on hepatic AGT production, as was proposed
by Ref. [184]. The increase in plasma [Ang I] in conjunction with the unbinding of Ang
II from systemic AT1Rs results in a similar fold-increase in plasma [Ang II]. As a result,
more Ang I and Ang II get filtered into the kidney, causing the renal [Ang I] and [Ang II]
to also increase slightly beyond control. All aforementioned changes in all RAS peptide
levels following experiments (ii) and (iii) are summarized in Figure 4.3.

In the next section, we examine the experimental results presented by Ref. [184] in
more detail and use model simulations to offer further insight into the impacts of Losartan
on both the systemic and intrarenal RAS as well as the inception of hypertension.
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4.3.3 Model predictions

Losartan blocks the activation of all systemic and intrarenal positive feedback,
resulting in similar regulation of the RAS in the absence and presence of Ang II
infusion In their study, Zou and colleagues [184] showed that each RAS peptide varies
similarly regardless of whether Ang II is infused concurrently with Losartan or not. In
other words, the peptide levels following experiment (ii) and experiment (iii) were sim-
ilar (Figure 4.3). Model simulations indicate that this is because Losartan inhibits all
systemic and intrarenal positive feedback loops by blocking AT1R-Ang II binding: With
AT1Rs blocked by Losartan, excess Ang II from the infusion cannot initiate any down-
stream signalling, and thus the intrinsic regulation of all endogenous RAS peptides remains
approximately the same as if an infusion were not taking place. As a result, the only pep-
tide whose concentration significantly differs following Ang II infusion under concurrent
Losartan administration is that that is being exogenously infused, i.e. Ang II itself. In-
deed, by separating the endogenously produced Ang II from the exogenously infused Ang
II (see Section 3.2.3), we show that exogenous Ang II is the primary contributor to the
increased plasma [Ang II] (Figure 4.4A) and intrarenal [Ang II] (Figure 4.4B) observed
in experiment (iii) relative to experiment (ii). In particular, the overall fold-increase in
plasma [Ang II] is larger than the fold-increase in intrarenal [Ang II] because the kidney
accumulates comparatively less exogenous Ang II than the systemic compartment. The
mechanisms governing this disparity are outlined below.

Losartan has differential effects on the accumulation of exogenous and endoge-
nous Ang II in the plasma and the kidney because of their independent reg-
ulation As outlined in the previous Chapter, less exogenous Ang II accumulates in the
kidney than in the plasma during a normal Ang II infusion (experiment (i)). However,
this disparity is significantly enhanced by concurrent Losartan administration (experiment
(iii)). Indeed, model simulations indicate that Losartan reduces the accumulation of ex-
ogenous Ang II in the kidney, but not the systemic circulation following Ang II infusion
(Figure 4.4, dark green bars (i) vs. bars (iii)). In particular, its administration resulted in a
47% decrease in the simulated intrarenal exogenous [Ang II] with no change in the systemic
exogenous [Ang II]. These results are qualitatively consistent with those of Ref. [183], who
observed a marked decrease in the exogenous intrarenal, but not plasma, [Ang II] following
concurrent Ang II infusion and Losartan administration. This also supports the hypothe-
sis presented in Chapter 3, that intrarenal Ang II accumulation relies primarily on UPTK
(AT1R-mediated uptake of Ang II) during Ang II infusion. Because the accumulation of
exogenous Ang II in the plasma does not rely on AT1Rs (occurs extracellularly), Losartan
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Figure 4.4: Average (simulated) A plasma and B intrarenal exogenous (dark green) and
endogenous (light green) [Ang II] on day 13 of experiment (i): 40 ng/min subcutaneous Ang
II infusion; experiment (ii): 30 kg/mg/day Losartan administration in drinking water; and
experiment (iii) 40 ng/min subcutaneous Ang II infusion alongside 30 kg/mg/day Losartan
administration in drinking water of Ref. [184].

has little impact on this concentration.

In contrast, the endogenous concentration of plasma Ang II, but not intrarenal Ang
II is greatly enhanced by Losartan following Ang II infusion (Figure 4.4, light green bars
(i) vs. (iii)). This effect was also reported in Ref. [183], who observed little change in
intrarenal endogenous [Ang II] alongside a significant increase in plasma endogenous [Ang
II] when Losartan was administered concurrrently with Ang II. Model simulations indicate
that the increase in endogenous plasma [Ang II] arises as a result of Losartan displacing
all endogenous Ang II peptides that were initially bound to AT1Rs, and therefore not
included in the free [Ang II]. Although this displacement also happens in the kidney,
[AngII]T depends on the concentration of AT1R-bound Ang II in all sub-compartments
(Eq. 2.9), and therefore Losartan has a smaller impact on the endogenous intrarenal [Ang
II].

Losartan likely prevents Ang II-induced hypertension by restricting Ang II to
extracellular regions where the peptide cannot initiate downstream signalling
By examining the effects of Losartan on the intrarenal distribution of Ang II, we can gain
insight into the mechanisms by which this anti-hypertensive therapy mitigates the con-
sequences of sustained Ang II infusion. In particular, Figure 4.5 compares the temporal
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change in the intrarenal distribution of [Ang II] following Ang II infusion alone (panels
X.i.) and in conjunction with Losartan administration (panels X.iii.). As outlined above,
Losartan administration significantly reduces the amount of exogenous Ang II (dark green)
that accumulates in the kidney during sustained Ang II infusion (Figure 4.5A). It does this
by rapidly binding to all AT1Rs within the kidney, displacing the previously AT1R-bound
endogenous Ang II (light green) and preventing any subsequent AT1R-Ang II binding be-
cause of it’s (and EXP3174’s) high receptor affinity [104]. Indeed, the membrane-bound
fraction of intrarenal Ang II rapidly decreases 0 within the first 5 hours of Losartan admin-
istration (Figure 4.5B). This blockage occurs before any exogenously infused Ang II even
has a chance to bind to these receptors. As a result, Ang II no longer accumulates within
the tubular epithelium (Figure 4.5C). In fact, the intracellular fraction of intrarenal Ang
II decreases by approximately 69% following Losartan administration, from 0.35 to 0.11.
This small intracellular fraction is entirely sustained by megalin-dependent uptake, which is
unaffected by Losartan administration. With intracellular uptake severely limited, Ang II
is forced to accumulate in the extracellular regions of the kidney (Figure 4.5D). The forced
shift from intracellular to extracellular Ang II accumulation explains Losartans effective-
ness as an anti-hypertensive therapy: Although the total intrarenal [Ang II] still increases
slightly beyond control, Losartan importantly restricts Ang II to compartments where the
peptide cannot activate any downstream signalling cascades, such as the stimulation of
sodium reabsorption. As a result, blood pressure does not increase [184].

In a real-world scenario, the ARB Losartan is prescribed once a patient has already
developed hypertension, and not as a preventative measure. Therefore we use the model to
simulate the effect of Losartan on an already hypertensive rat, whose high blood pressure
has been induced by a 40 ng/min 13-day SC Ang II infusion (experiment (i) from Ref. [184]).
Figure 4.6 illustrates the effect of Losartan treatment on the intrarenal concentration (panel
A) and distribution (panels B-F) of Ang II. All observations are consistent with those of
experiment (iii): Losartan inhibits the uptake of circulating (exogenous) Ang II within
the kidney, but does not fully return intrarenal Ang II levels to control (Figure 4.6A,B).
Nevertheless, Losartan drastically alters the intrarenal distribution of Ang II such that the
vast majority becomes restricted to extracellular compartments (Figure 4.6C, D, E). Since
the accumulated Ang II can no longer act as a signalling molecule in these regions, blood
pressure is likely to decrease as a result of the Losartan administration.

4.3.4 Local sensitivity analysis

To determine the robustness of the aforementioned results, a local parametric sensitivity
analysis was performed after simulating experiment (iii) from Ref. [184](40 ng/min subcu-

72



Figure 4.5: Temporal change in the intrarenal distribution of Ang II throughout 13 days
of SC Ang II infusion (40 ng/min) alone (panels X.i) or in conjunction with 30mg/kg/day
Losartan administration in drinking water (panels X.iii). Panels depict the relative con-
tribution of endogenous (light green) and exogenous (dark green) Ang II to the: (A) total
renal [Ang II], (B) membrane-bound fraction of renal [Ang II], (C) intracellular fraction
of renal [Ang II], and (D) extracellular fraction of renal [Ang II].

taneous Ang II infusion plus 30 mg/kg/day Losartan administration in drinking water).
Indeed, the percent change in the average drug (Figure 4.7) and RAS peptide (Figure 4.8)
concentrations on the final day of the experiment (day 13) following a 10% increase in each
model parameter was computed in each model compartment.

As shown in Figure 4.7, the effects of the parameteric perturbations on the concentra-
tions of Losartan and EXP3174 in all compartments were as expected. When the Losartan
dose is reabsorbed more rapidly from the gastrointestinal tract (i.e. kLosa is increased), the
drug’s average concentration in the GI tissue compartment on day 13 of treatment is lower
than control. When the activity of systemic cytochrome p450 enzymes kcyt is increased, and
therefore the conversion of Losartan to EXP3174 is increased, the Losartan concentration
in all downstream compartments (systemic, renal, and peripheral) decreases. An increased
rate of uptake ksp or release kps of Losartan from the peripheral tissue compartment results
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Figure 4.6: The effect of Losartan on the intrarenal (A) concentration and (B–E) distribu-
tion of Ang II in a hypertensive rat. Hypertension was induced via 13 days of subcutaneous
Ang II infusion at 40 ng/min (experiment (i) from Ref. [184]; diamonds) and subsequently
treated with Losartan (30 mg/kg/day) for 7 days. Panels B–E depict the relative contri-
bution of endogenous (light green) and exogenous (dark green) Ang II to the: (B) total
renal [Ang II], (C) membrane-bound fraction of renal [Ang II], (D) intracellular fraction
of renal [Ang II], and (E) extracellular fraction of renal [Ang II].

in a higher or lower Losartan concentration in these tissues, respectively. When EXP3174
is systemically degraded at a more rapid rate (i.e. kEXP3174

elim increases), it’s concentration
in all downstream compartments decreases. Systemically, this frees up more AT1Rs for
Losartan to bind to, thereby increasing the concentration of AT1R-bound Losartan in
this vasculature compartment. Unlike EXP3174 however, increasing the rate of Losartan
degradation kLoselim does not affect significantly affect the drugs concentration. Given this,
and the fact that it’s optimized value is very close to 0, we can stipulate that Losartan
degradation is primarily mediated by its conversion to EXP3174. Finally, increasing the
drinking water duration ∆t, and therefore the time over which the rat consumes the drug
dose does not impact it’s average concentration in any compartment as the amount of drug
that is consumed overall remains unchanged. Moreover, the strength of the feedback on
renin secretion B+

AT1R does not impact the pharmacokinetic model itself, only the intrarenal
RAS model that it is coupled to.
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Figure 4.7: Percent change in the predicted average compartmental Losartan and EXP3174
concentrations following 13 days of 40 ng/min SC Ang II infusion alongside 30 mg/kg/day
Losartan administration in drinking water when each parameter value is increased by 10%.

In fact, as shown in Figure 4.8, the intrarenal RAS model predictions are most sensitive
to increases in B+

AT1R. With the feedback loop’s strength increased, the same fold-decrease
in AT1R-bound Ang II elicits a larger secretion of renin from the kidney and therefore a
larger production of all endogenous peptides downstream in the cascade (Ang I and Ang
II). As a result, more endogenous Ang II also gets filtered into the kidney which raises
the total intrarenal [Ang II] in all regions. As expected, changes to B+

AT1R do not affect
exogenous Ang II levels. The only other parameter that impacts intrarenal RAS model
predictions is the rate of EXP3174 degradation in the systemic compartment kEXP3174

elim .
Since EXP3174 is much more potent than Losartan, it mediates the majority of its AT1R-
blocking effects [129]. Therefore, when its degradation rate is increased (and therefore, its
concentration is decreased), less AT1Rs are blocked by the metabolite, allowing for more
AT1R-Ang II binding. However, the resulting increase in both systemic and intrarenal
AT1R-bound Ang II, though proportionally large, are minute in absolute value (on the
order of 10−3). Therefore, these changes do not influence the rest of the system significantly.
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4.4 Discussion

In this Chapter, we aimed to study the effects of antihypertensive therapy Losartan on the
activity of the intrarenal RAS in both control and hypertensive conditions. To do so, a
robust PK model of Losartan and its bio-active metabolite EXP3174 was developed and
coupled to that of the intrarenal and systemic RAS presented in Chapter 2. The coupled
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PK/PD model was then used to replicate the various Losartan administration experiments
from Ref. [184]. In particular, Losartan (30 mg/kg/day) was administered in drinking
water either alone or in conjunction with sustained low dose (40 ng/min) Ang II infusion
and the results were examined in detail.

Many studies have shown that Losartan helps prevent intrarenal Ang II levels from
rising during Ang II infusion experiments and other experimental models of hyperten-
sion [184, 183, 170]. Model simulations indicate that this is mainly mediated by a reduced
uptake of circulating (exogenous) Ang II into tubular epithelial cells. Endogenous peptide
levels in the kidney remain relatively unchanged despite significantly increased plasma con-
centrations. We propose that this is due to Losartan’s inhibition of all positive feedback
on endogenous Ang II production in the kidney (which is implicit in the assumption of a
constant renal renin activity, see Section 4.2.1; renal tissue compartment). These obser-
vations are qualitatively consistent with those of Ref. [183] and provide further support
to the conclusions drawn in Chapter 3. Indeed, it is likely that enhanced AT1R-mediated
uptake, facilitated by increased AT1R expression, is the primary mechanism by which Ang
II accumulates in the kidney during Ang II infusion; Positive feedback on local AGT and
renin production acts secondarily to conserve basal Ang II production rates despite signifi-
cantly reduced plasma, and therefore filtered, peptide levels. The significant differences in
endogenous and exogenous peptide accumulation in the plasma and the kidney speak to the
independent regulation of the systemic and intrarenal RAS and explain their de-coupling
in experimental models of hypertension.

In general, model simulations confirm that Losartan attenuates the rise intrarenal Ang
II levels during the development of hypertension via the “key point break-down effect”
(blocking all positive feedback within the kidney), as was suggested by [170]. However, we
hypothesize that this is not the primary mechanism by which Losartan acts to normalize
blood pressure. Instead, model simulations suggest that it’s Losartan’s blockage of the
main intracellular uptake path (AT1R binding and internalization) that contributes to the
drug’s blood pressure regulating effects. Indeed, with this pathway still intact exogenous
Ang II would continue to accumulate intrarenally, and more importantly, intracellularly as
any infusion progressed, causing blood pressure to rise. This is not observed experimentally.
Therefore, we hypothesize that it is actually the shift from intracellular to extracellular Ang
II localization within the kidney that prevents blood pressure from rising under Losartan
administration: Without being able to bind to or enter renal (or systemic) cells, Ang II
cannot regulate sodium reabsorption, vessel tone, initiate secondary hormone secretion, or
perform any signalling that would lead to increases in blood pressure. The same principal
would likely hold for other ARBs.
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4.4.1 Model limitations and future extensions

A key limitation of the proposed model was the necessary assumption that renal renin
activity remains constant following Losartan administration. While the computational
results of the previous Chapter were used to justify this choice (see Section 4.2.1; renal
tissue compartment), future work should focus on gathering experimental measurements of
renal renin activity before and after Losartan treatment in both control and hypertensive
rats.

In addition, the model does not account for the effects of Ang II, and thus of Losartan
and EXP3174, on renal hemodynamic function. As mentioned previously, intrarenal Ang
II influences renal blood flow and glomerular filtration rate via various AT1R-dependent
mechanisms. Indeed, afferent arteriole resistance, efferent arteriole resistance, the struc-
ture of the glomerular filtration barrier, and renal autoregulatory mechanisms such as
tubuloglomerular feedback and the myogenic response are all affected by AT1R-bound
Ang II, and therefore by Losartan administration [170, 1, 25, 154, 173]. Given that so
many mechanisms are at play, the effect of Losartan on glomerular filtration rate is vari-
able, often depending on whether blood pressure falls in or out of the renal autoregulatory
range [170]. As a result, including a direct link between Losartan and the current model’s
renal hemodynamic parameters would be intractable. In future work, this could be over-
come by incorporating the present model into Ahmed and Layton’s whole-body blood
pressure regulation model [1], which already considers renal autoregulatory mechanisms
and afferent/efferent arteriole resistance as variables. By simulating Losartan administra-
tion under different autoregulatory conditions, the mechanisms contributing to the drug’s
variable effect on renal hemodynamics could be investigated. The resulting more com-
prehensive Losartan-blood pressure regulation model could also be used to study how the
Losartan-mediated shift from intracellular to extracellular intrarenal Ang II localization
influences the stimulation of sodium reabsorption and mean arterial pressure (also variables
in Ahmed and Layton’s model [1]).

To more comprehensively examine the effect of Losartan administration on sodium
reabsorption along the nephron, the present model could also be coupled to a kidney
function model that stimulates epithelial transport of electrolytes and water [77, 75, 140, 29,
19]. As was mentioned previously, the coupling can be formulated based on the many known
connections between Ang II, AT1Rs, and ion transport along the nephron [11, 157, 170].
Such a model could then be used to elucidate which transporters and nephron segments
most greatly influence Losartan’s normalization of renal excretory function [170].

It has been long established that males and females respond differently to anti-hypertensive
therapies, including ARBs like Losartan [84]. The current model is limited in that it does
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not consider sex differences, and therefore our results are specific to a male rat’s response to
Losartan treatment. This limitation could be overcome in future work by parameterizing
sex-specific intrarenal and systemic model compartments using the procedure discussed in
Chapter 3 (section 3.4.1). The sex differences in the response of various RAS peptides
to ARB treatment, which to our knowledge has not be well characterized in experiments,
could then be simulated. These results could shed light on why male hypertensive rats tend
to exhibit a greater reduction in blood pressure following Losartan administration than fe-
males [172]. The sex-specific PK models could also be coupled to a sex-specific blood pres-
sure regulation model [1], a sex-specific epithelial solute transport model [92, 56, 57, 58],
or a sex-specific renal blood flow model [20] to study the sex-specific effects of Losartan on
blood pressure, sodium reabsorption, and renal hemodynamics in more detail, respectively.

Another natural extension of this work would be the creation of a pharmacokinetic
model of a common ACEi. In this way, the effects of the two classes of anti-hypertensive
therapies on the intrarenal RAS could be compared. Coupling can be achieved through
systemic and renal ACEi–based inhibition of ACE activity cCACE in all model compartments
C. We hypothesize that ACEis, like ARBs, will prevent Ang II–induced hypertension, at
least in part, by blocking the AT1R–mediated accumulation of Ang II in tubular epithelial
cells. However, this class of drug will achieve this via a different mechanism: ACEi will
reduce the endogenous production of Ang II in the kidney and thus, the pool of Ang II
that can be internalized. We expect ARBs to be more effective than ACEi at preventing
hypertension induced by Ang II infusion. This is because ACEi would not prevent the
accumulation of exogenous Ang II in tubular epithelial cells following Ang II infusion, but
ARBs do (as demonstrated above).

Finally, the present model still does not represent the circadian rhythms long observed
in the systemic RAS [52] and likely present in the intrarenal RAS. By expanding the present
model to incorporate circadian variations in appropriate model parameters, the resulting
integrative model could be used to explore whether the timing of Losartan administration
influences its effectiveness as an anti-hypertensive therapy.
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Chapter 5

A mathematical model of
slow-pressor hypertension: The
impact of the intrarenal RAS and
impaired pressure natriuresis

Abstract

Hypertension is a highly complex, multi-factorial disease associated with
many patho-physiological changes. To investigate clinical hypertension stem-
ming from the impairment of each contributing factor, different animal exper-
imental models can be used. Many of these models, particularly those asso-
ciated with an over-active RAS, produce slowly progressive increases in both
intrarenal Ang II and blood pressure. However, little is known about how the
former response, intrarenal RAS over-activation, contributes to the latter effect,
slow-pressor hypertension. Rats exposed to these experimental protocols also
display an impaired pressure natriuresis response, but whether this is causal
or a consequence of the observed hypertension remains openly debated. Here,
we investigate these two clinically relevant open questions using computational
modelling. In particular, we develop the first computational model of long-
term blood pressure regulation in the rat that considers the intrarenal RAS
and simulate various in silico Ang II infusion experiments with the intrarenal
effects of Ang II turned on/off. Simulations suggest that the resetting of the
pressure natriuresis response necessitates increased blood pressure to maintain
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sodium and fluid homeostasis: Blood pressure must increase enough to offset
Ang II’s indirect (aldosterone-mediated) and direct effects on sodium reab-
sorption. Furthermore, these effects must be initiated sequentially to observe
slow-pressor hypertension. This is facilitated by systemic and intrarenal RAS
de-coupling. Our results thus shed light on the functional importance of both
impaired pressure natriuresis and the progressive rise in intrarenal Ang II that
has been observed in various experimental models of hypertension. It is likely
that these mechanisms are also involved in pathogenesis of clinical hypertension
associated with an over-active RAS.

5.1 Introduction

Hypertension is a highly complex, multi-factorial disease associated with many patho-
physiological changes, including; arterial stiffening, impaired pressure natriuresis, and an
over-active RAS. Since many of these systems interact with one another, it is difficult,
and in many cases impossible, to narrow the conditions inception to a single cause. One
clinically relevant open question relates to whether abnormal pressure natriuresis is a cause
or consequence of chronic hypertension. Moreover, given the many intrarenal actions of
Ang II, and the discovery that the kidney not only expresses, but independently regulates
all components of the RAS, the significance of the local intrarenal RAS to the pathogenesis
and progression of hypertension is also of interest. To answer these questions, experimental
models of hypertension that target each of these systems – the kidney and the RAS –
have been devised [88, 134]. Here, we examine clinical hypertension associated with an
overactive RAS through the lens one such experimental model – hypertension induced by
Ang II infusion.

Chronic Ang II infusions consistently result in slowly progressive increases in both in-
trarenal Ang II and blood pressure. In previous Chapters, a novel mathematical model of
the RAS was devised to examine the mechanisms that mediate the former response, i.e.
rising intrarenal Ang II levels in Ang II-induced hypertension. While at the time hypothe-
ses were made regarding how this response might contribute to the slow development of
hypertension (slow-pressor hypertension) in these rats, they could not be substantiated
because the model did not consider sodium balance nor blood pressure explicitly.

Many whole-body long-term blood pressure regulation models have been created pre-
viously (see Chapter 1 for a thorough review) [45, 49, 64, 85, 1]. However, none include
an intrarenal RAS. This includes Ahmed and Layton’s long-term blood pressure regula-
tion model in the rat which was developed to help interpret the results of various animal

81



experiments, including Ang II infusion experiments. Like all other existing blood pressure
regulation models, it falsely assumes that the intrarenal effects of Ang II are mediated by
systemic Ang II. Although the systemic and intrarenal RASs are connected and often vary
in tandem, this is no longer true during Ang II-induced hypertension (or any experimental
model of hypertension stemming from an overactive RAS). In these cases, a more compre-
hensive blood pressure model that distinguishes between the systemic and the intrarenal
RASs is desirable.

In this Chapter, we thus create the first whole-body long-term blood pressure regulation
model in the rat that considers the intrarenal RAS. Using this model, we aim to: (i)
delineate the mechanisms that mediate slow-pressor hypertension and (ii) quantify the role
of the intrarenal RAS and of impaired pressure natriuresis in this response. In particular,
we couple a simplified version of Ahmed and Layton [1]’s blood pressure regulation model
to that of the intrarenal and systemic RASs presented in Chapter 2. After parameterizing
and validating the model against data collected from various Ang II infusion experiments,
we use it to make predictions regarding the mechanisms of slow-pressor hypertension. In
particular, we suggest answers to the following questions: (i) Does the resetting of the
pressure natriuresis response necessitate increased blood pressure to maintain solute and
fluid homeostasis in Ang II-induced hypertensive rats?, and (ii) Do progressively rising
intrarenal Ang II levels functionally contribute to slow-pressor hypertension? If so, how?
Our results shed light on the pathogenesis of slow-pressor hypertension induced by Ang II
infusion, and thus the development of clinical hypertension associated with an overactive
RAS.

5.2 Methods

5.2.1 Blood pressure regulation model

The long-term blood pressure regulation model presented in this Chapter is adopted from
Ahmed and Layton’s [1] male rat model with various modifications. Firstly, the model was
re-parameterized to represent a Sprague Dawley, as opposed to a Munich Wister, male rat
(see Section 5.2.3). This is because the majority of Ang II infusion experiments, including
all those replicated in this work, are performed in Sprague Dawley rats [102, 184, 133, 117].
Sprague Dawley differ from Munich Wistar rats in that they are much larger and have
different baseline hemodynamics [105]. Size affects blood volume, and therefore all RAS
peptide concentrations. Hence, this re-parameterization also ensured that all RAS and
hemodynamic variables were consistent with those of the RAS model outlined in Chapter 2.
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Secondly, because our primary goal was to study the effects of the intrarenal RAS on
renal sodium and fluid handling during the development of Ang II-induced hypertension,
many of the other original model components were removed or simplified: Indeed, all renal
hemodynamic variables (renal blood flow and glomerular filtration rate) were assumed
constant and all feedback relating to autonomic and sympathetic nervous activity, atrial
natriuretic peptide, and water intake (anti-diuretic hormone) were fixed. The assumed
constant glomerular filtration rate is a reasonable simplification given that this variable has
not been observed to change drastically following non-pressor doses of Ang II [167, 25, 154].

Finally, various novel variables were added to the model, including an indirect and
chronic effect of Ang II on vascular resistance as well as an updated representation of renal
sodium handling. Moreover, the original systemic-only RAS model was replaced with the
novel systemic and intrarenal RAS model described in Chapter 2. Coupling was achieved
via the effects of intrarenal Ang II on sodium reabsorption along the nephron and the
effects of renal fluid handling on both systemic and intrarenal RAS concentrations.

The subsections below detail the changes made to each model component – cardio-
vascular function, renal sodium and fluid handling, and the RAS – in greater detail. A
schematic diagram of the resulting blood pressure regulation model is shown in Figure 5.1.
Model equations and parameters not described in detail here can be found in Appendix C.

Cardiovascular function

Angiotensin II (Ang II) is a potent vasoconstrictor. However, since its direct effects on the
vasculature are acute (1-2 mins) [64], they are not considered in Ahmed and Layton’s long-
term blood pressure regulation model [1] nor any of its prior iterations [45, 64, 49, 85, 1].
While this assumption is well-founded, a chronic, indirect effect of Ang II on total peripheral
resistance, Rtp, has been observed experimentally. Indeed, chronic Ang II infusions are
associated with a delayed increase in Rtp [117, 113] which contributes significantly to the
delayed rise in blood pressure that is observed [125]. Hence, this indirect effect must be
added to the model to enable the study of slow-pressor hypertension induced by Ang II
infusion.

Multiple factors contribute to the delayed rise in Rtp in slow-pressor hypertension [155],
including inflammation, reduced nitric oxide signalling, and the stimulation of oxidative
stress [2, 67, 113, 125, 127, 128]. Since these vascular effects are intimately connected
and their individual contributions to this response are not known, we instead introduce a
simplified intermediate variable, OXST , that represents their combined effect on Rtp.
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Figure 5.1: Schematic model of blood pressure regulation. Nodes within the grey compart-
ment denote variables that describe the intrarenal RAS; pink, the systemic RAS; green,
renal hemodynamics; yellow, renal sodium Na+ and fluid handling; blue, cardiovascular
function. Solid arrows indicate direct connections between variables. Dashed pointed and
dotted connections indicate positive and negative indirect connections, respectively. Effects
of AT1R-bound Ang II are colour-coated based on the RAS compartment from which they
originate: Pink connections denote the effects of systemic AT1R-bound Ang II; purple
connections, glomerular AT1R-bound Ang II; green connections, tubular-epithelial cell-
associated (tubular and peritubular) AT1R-bound Ang II. The schematic representation
of the intrarenal RAS model component (grey) has been simplified for readability. Please
see Figure 2.2 for a detailed representation of all intrarenal variables.

The production of OXST is assumed to be both AT1R-bound Ang II (via Rcirc, Eq.
3.2) and time-dependent (via ρOXST , Eq. 5.2). This is based on the consensus that there
is a time requirement for AT1R-bound Ang II to activate the additional vasoconstrictor
processes that lead to elevated Rtp and blood pressure [125]. In particular, we assume
that it takes 12 hours for OXST production to commence following Ang II infusion, after
which its production rate increases linearly before reaching its maximum on (and after)
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day 5. The piece-wise formalism for ρOXST (Eq. 5.2) is based on the observation that “slow
pressor responses need 5 to 10 hours to develop and reach a maximal peak 3 to 5 days after
the onset of the infusion” [128]. To account for the slower time scale of OXST dynamics,
we also introduce a time constant τOXST to be fit to available peripheral resistance data
[117] following the chronic infusion of a sub-pressor dose of Ang II. Taken together, we
obtain the following formalism for OXST dynamics:

dOXST

dt
(t) =

1

τOXST

(ρOXST (t)×Rcirc(t)−OXST (t)) (5.1)

where

ρOXST (t) =


0 t < 1

2
days

2
9

(
t− 1

2

)
1
2
≤ t < 5 days

1 t ≥ 5 days

(5.2)

OXST affects the model by modifying arterial resistance Ra, and thus Rtp (Eq. 5.4).
In particular, Ra is taken to be the basic arterial resistance Rba (Table C.1) multiplied by
the effect of the additional vascular changes ϵOXST where ϵOXST (t) = 1 +OXST (t).

Ra(t) = Rba × ϵOXST (t) (5.3)

Total peripheral resistance Rtp is then computed as the sum of the arterial resistance
Ra and the basic venous resistance Rbv (Table C.1):

Rtp(t) = Ra(t) +Rbv (5.4)

Renal sodium and fluid handling

As in Ref. [1], the nephron is divided into three segments; the proximal tubule (pt), distal
tubule (dt), and the collecting duct (cd). Anatomically, the pt segment is comprised of
the proximal tubule and the loop of Henle. Various changes were made with regards to
the handling of sodium in each segment, as described below.

pt sodium handling Once filtered into the tubule, a fraction ηpt−sodreab of the sodium
load ϕfilsod is reabsorbed by the pt, resulting in an absolute pt sodium reabsorption rate
of ϕpt−sodreab. Fractional pt sodium reabsorption ηpt−sodreab is modified by Ang II and
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perfusion pressure. These effects are represented by the functions γAT1R (Eq. 5.7) and γhyp
(Eq. 5.10), respectively (see below).

ϕpt−sodreab(t) = ϕfilsod(t)× ηpt−sodreab(t) (5.5)

ηpt−sodreab(t) = ηeqpt−sodreab × γAT1R(t)× γhyp(t) (5.6)

A limitation of previous versions of this model was the assumption that pt sodium
reabsorption is affected by the systemic, as opposed to the local [AT1R-bound Ang II].
This simplification becomes particularly problematic during an investigation of hyperten-
sion, given that the systemic and intrarenal [Ang II] become decoupled [184, 18, 168, 150].
Therefore, in this Chapter we allow fractional sodium reabsorption (in all applicable seg-
ments, see below) to depend on tubular epithelial cell-associated AT1R-bound Ang II,
denoted AT1R − bound Ang IIMemb,Cell

T b, P t (Eq. 5.9). In this way, AT1R-Ang II binding
along either membrane of tubular epithelial cells impacts sodium reabsorption. This as-
sumption is consistent with the observation that in the proximal tubule in particular,
Ang II modulates sodium transporters on both membranes, basolateral (Na+/HCO –

3 and
Na+/K+ATPase) and apical (Na+/H+ exchanger) [124].

γAT1R(R
Memb,Cell
T b, P t (t)) = γcAT1R +

γaAT1R

1 + exp
(
−γbAT1R

(
RMemb,Cell

T b, P t (t)− 1
)) (5.7)

RMemb,Cell
T b, P t (t) =

AT1R− bound AngIIMemb,Cell
T b, P t (t)

AT1R− bound AngIIMemb,Cell, eq
T b, P t

, (5.8)

AT1R− bound AngIIMemb,Cell
T b, P t (t) = V Ext

Tb [AT1R− bound AngII]Memb
Tb (t)

+ V Ext
Pt [AT1R− bound AngII]Memb

Pt (t)

+ V Cell
P t, T b

(
[AT1R− bound AngII]Cell

T b (t)

+ [AT1R− bound AngII]Cell
P t (t)

) (5.9)

Also affecting sodium reabsorption in this segment is the pressure natriuresis mecha-
nism, whereby increases in renal perfusion pressure result in decreased sodium reabsorption
and thus, increased sodium excretion. In previous model iterations, filtered sodium load
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ϕfilsod was used as the determinant of this mechanism: increases in filtered load led to
reductions in fractional pt sodium reabsorption. However, changes in filtered sodium load
do not necessarily mirror those of renal perfusion pressure. Moreover, although incom-
pletely understood, the mechanisms currently believed to mediate pressure natriuresis do
not depend on filtered sodium load [5]. Instead, it is believed that pressure natriuresis
is driven by the high renal interstitial hydrostatic pressures that result from high perfu-
sion pressures [5]. Indeed, high interstitial pressures alter the permeability of proximal
tubule tight junctions to sodium, lead to the release of various autocoids, and cause the
re-distribution of apical Na+ transporters [5]. Given this, we allow fractional pt sodium
reabsorption to instead depend directly on renal perfusion pressure (assumed to be the
same as mean arterial pressure Pma [1]) and replace γfilsod in Ref. [1] with γhyp:

γhyp(Pma(t)) = γchyp −
γahyp

1 + exp
(
−γbhyp

(
Pma(t)/P eq

ma − γdhyp
)) (5.10)

where P eq
ma is the baseline (steady state) mean arterial pressure.

dt sodium handling As in Ref. [1], the portion of the sodium load that is not reab-
sorbed at the level of the proximal tubule passes by the macula densa. A fraction ηdt−sodreab

of this macula densa sodium flow ϕmd−sod is reabsorbed by the distal tubule to give an abso-
lute distal tubule sodium reabsorption rate of ϕdt−sodreab. Fractional distal tubule sodium
reabsorption is affected both directly and indirectly (via aldosterone) by Ang II. These
effects are represented by the functions ψAT1R (Eq. 5.15) and ψALD (Eq. 5.14), respec-
tively. ψALD is taken directly from Ref. [1]. The direct effect of Ang II on distal tubule
sodium reabsorption was not considered in previous model iterations. However, it is well
documented that Ang II increases distal tubule sodium reabsorption independently of al-
dosterone by stimulating ENaC expression and activity [177, 97]. Hence, we introduce
the function ψAT1R to represent this effect. As in the proximal tubule, we assume that
distal tubule fractional sodium reabsorption depends on tubular epithelial cell-associated
[AT1R-bound Ang II]. This is because the AT1R-bound Ang II signalling mechanisms in
this segment are not membrane restricted [177, 97].

ϕmd−sod(t) = ϕfilsod(t)− ϕpt−sodreab(t) (5.11)

ϕdt−sodreab(t) = ϕmd−sod(t)× ηdt−sodreab(t) (5.12)
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ηdt−sodreab(t) = ηeqdt−sodreab × ψALD(t)× ψAT1R(t) (5.13)

ψALD ([ALD]circ(t)) =
ψa
al

1 + ψb
al exp (−ψc

al[ALD]circ(t))
− ψd

al (5.14)

ψAT1R

(
RMemb,Cell

T b, P t (t)
)
= ψc

AT1R +
ψa
AT1R

1 + exp
(
−ψb

AT1R

(
RMemb,Cell

T b, P t (t)− 1
)) (5.15)

cd sodium handling Whatever sodium load remains at the end of the distal tubule
ϕdt−sod enters the cd, where a fraction ηdt−sodreab is reabsorbed to give an absolute cd sodium
reabsorption rate of ϕcd−sodreab. The sodium flow that remains, ϕu−sod, gets excreted in
urine. Here, we adopt a simplified model of cd sodium handling, such that reabsorption
is only affected by this segment’s sodium inflow rate ϕdt−sod via the function λdt (taken
directly from [1]). Although direct and indirect (aldosterone-mediated) effects of Ang II
on sodium reabsorption are documented in this segment, we did not include either in the
model for simplicity. The former assumption is based on reports by Wu and colleagues
[169] that Ang II had a much lower stimulatory effect on ENaC in the collecting duct
than the distal tubule. The latter was required to ensure that sodium and water balance
were maintained simultaneously in the absence of the effects of anti-diuretic hormone on
water reabsorption. Furthermore, given the formalism adopted by Ref. [1], whereby a 10%
increase in serum aldosterone results in only a 0.6% increase in fractional collecting duct
sodium reabsorption, a zeroing assumption is reasonable.

ϕdt−sod(t) = ϕmd−sod(t)− ϕdt−sodreab(t) (5.16)

ϕcd−sodreab(t) = ϕdt−sod(t)× ηcd−sodreab(t) (5.17)

ηcd−sodreab(t) = ηeqcd−sodreab × λdt(t) (5.18)

λdt(t) = λadt +
λbdt

1 + exp(λcdt
(
ϕdt−sod(t)/SFS − λddt

)
)

(5.19)

Finally, the fluid reabsorption model adopted in this work does not differ significantly
from Ref. [1] and closely mirrors that of sodium reabsorption in all segments. For details,
please see the Appendix C.3.
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The renin-angiotensin system

As aforementioned, the original systemic-only RAS model outlined in Ref. [1] was re-
placed with the systemic and intrarenal RAS model described in Chapter 2, barring a few
modifications (described below).

In Chapter 3, the functions describing positive feedback on tubular epithelial cell AT1R
expression, fPt and fTb, were assumed linear for simplicity (Eq. 3.1). However, when sim-
ulating the model over longer time scales (> 2 weeks), this simplification results in un-
physiological concentrations of intrarenal AT1Rs and Ang II. To correct for this, in this
Chapter we assume that the positive feedback desensitizes once the total intrarenal expres-
sion of AT1Rs, AT1RT (Eq. 5.21), reaches a threshold, denoted AT1R∗

T . In particular, we
impose the following piece-wise representation of the positive feedback fbC in the tubular
(C = Tb) and peritubular compartments (C = Pt).

fbAT1R
C

(
RMemb

C (t)
)
=


0 if RMemb

C (t) ≤ 1

KAT1R
C

(
RMemb

C (t)− 1
)

if RMemb
C (t) > 1 and AT1RT (t) < AT1R∗

T

fbAT1R
C (t∗)e−(t−t∗) if RMemb

C (t) > 1 and AT1RT (t) ≥ AT1R∗
T

(5.20)

AT1RT (t) = V Cell
P t,T b

(
[AT1R]Cell

P t (t) + [AT1R− bound AngII]Cell
P t (t)

)
+ V Cell

P t,T b

(
[AT1R]Cell

T b (t) + [AT1R− bound AngII]Cell
T b (t)

)
+ V Cell

Gl

(
[AT1R]Cell

Gl (t) + [AT1R− bound AngII]Cell
Gl (t)

)
+ V Ext

Pt

(
[AT1R]Memb

Pt (t) + [AT1R− bound AngII]Memb
Pt (t)

)
+ V Ext

Tb

(
[AT1R]Memb

Tb (t) + [AT1R− bound AngII]Memb
Tb (t)

)
+ V Ext

Gl

(
[AT1R]Memb

Gl (t) + [AT1R− bound AngII]Memb
Gl (t)

)
+ VPv

(
[AT1R]Pv(t) + [AT1R− bound AngII]Memb

Pv (t)
)

(5.21)

where RMemb
C (t) is given by Eq. 3.2 and t∗ is the time at which the AT1R expression

threshold AT1R∗
T is reached.

In previous Chapters, we also assumed that all terms related to intrarenal fluid handling
were known a priori. In this Chapter, we correct for this by replacing these parameters
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with their dynamic-variable counterparts (with the exception of renal blood flow and the
glomerular filtration rate). In particular, since urine flow ϕU is considered in both models,
we do a direct replacement of the parameter from Chapter 2 with the variable (Eq. C.13)
from the blood pressure model (scaled by kidney weight WK). This allows us to com-
pute the flow from the peritubular interstitial space into the renal blood vasculature ϕPv

(Eq. C.15). We also compute the RAS model’s total plasma volume Vcirc from the blood
pressure model’s blood volume Vb variable (Eq. C.28), assuming a fixed hematocrit Hct of
0.42 [105]. Finally, we compute the renal lymphatic flow rate ϕL (Eq. C.14) from the sum
of the dynamic pt, dt, and cd water reabsorption rates, maintaining the assumption that
ϕL accounts for 2% of the total fluid reabsorption from the kidney [146].

5.2.2 Simulating Ang II infusion experiments

All in silico subcutaneous Ang II infusion experiments are simulated similarly to Chap-
ter 3. However, in this Chapter we assume that subcutaneously-infused Ang II has a low
bioavailability. In other words, we assume that only a fraction of the Ang II entering the
subcutaneous tissue actually reaches the systemic circulation. In practice, we simulate this
by multiplying the original subcutaneous infusion term KSC

inf (t) (Eq. 3.8) by a bioavaili-
bility parameter F (0 < F < 1). Given that the subcutaneous tissue is predominantly
adipose tissue which expresses its own local RAS [89], pre-systemic degradation, AT1R-
binding, and uptake of Ang II into adipocytes could all contribute to the peptide’s low
subcutaneous bioavailability [33, 126, 156]. Introducing a bioavailability parameter was
required to see the plasma [Ang II] plateau by the second week of subcutaneous Ang II
infusion, as is observed experimentally [184]. Indeed, without F the fitted subcutaneous
Ang II absorption rate ka had to be so low that the plasma [Ang II] continued to increase
for greater than 4 week-long infusions, which is unphysiological.

5.2.3 Parameter identification

The majority of the model’s parameters, including all those that impact the system at
steady state, were either taken directly from the RAS model outlined in Chapter 2 (Ta-
bles 2.2) or derived from Ahmed and Layton’s blood pressure model [1] using hemodynamic
and volumetric data for male Sprague Dawley rats. The remaining minority that needed
calibration were specific to the RAS and to renal sodium handling. The parameters related
to the RAS were identified first by fitting to various Ang II infusion studies [117, 184, 179],
keeping sodium (and thus, water) reabsorption fixed in all segments. Then, the parame-
ters specific to sodium handling in the pt and dt were identified by simulating the Ang II
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infusion experiment of Minas et al. [102] while imposing various physiological constraints
on sodium and water balance. Details are provided below.

Reparameterization for the Sprague Dawley rat Ahmed and Layton’s original
male rat model [1] was created by reparameterizing the human models from Ref. [64,
49] to Munich Wistar male rat renal hemodynamic data from [105] and the systemic
RAS hormone levels from Ref. [84]. However, given that we aimed to: i) couple this
model to the intrarenal RAS model outlined in Chapter 2, which was parameterized to
Sprague Dawley data; and ii) simulate in-silico Ang II infusion experiments, which are
predominantly performed on Sprague Dawley rats, we needed to re-parameterize the model
from Ref. [1] to Sprague Dawley male rat renal hemodynamic and volumetric data. This
was done using the data from Ref. [105], following the same steps outlined in Ref. [1].
The baseline values of all model parameters and variables are given in Tables C.1 and
C.2, respectively. Those that differ between the two models relate to blood flow, vascular
resistance, urine flow, urine sodium flow, fluid volume, and the RAS.

RAS parameters Ang II bioavailability and subcutaneous absorption Both the bioavail-
ability F and the subcutaneous absorption rate ka of Ang II were fit to plasma [Ang II]
time series data from [184]. Moreover, to ensure the updated coupled model simulations
remained consistent with those of Chapter 3 and with the data that was used to fit the un-
coupled RAS model (Table 3.1, fitting), the RAS model’s feedback parametersKx

C (Eq. 3.1,
5.20) were also updated. Vascular effects of Ang II The time constant τOXST of OXST
(Eq. 5.1) dynamics was obtained by minimizing the error between the simulated and ex-
perimental change in total peripheral resistance Rtp (Eq. 5.4) following 10 days of 200
ng/kg/min subcutaneous Ang II infusion [117]. Intrarenal AT1R-feedback desensitization
The threshold for AT1R feedback desensitization AT1R∗

T was fit to ensure that AT1RT

(Eq. 5.21) matched receptor expression data from Ref. [179] following 21 days of Ang II
infusion.

Renal sodium transport parameters The remaining unidentified parameters were
those that regulate pt and dt sodium reabsorption via the effector functions γAT1R (Eq. 5.7),
γhyp (Eq. 5.10), and ψAT1R (Eq. 5.15). We first reduced the total number of unknowns by
fixing each of these effects at steady state, i.e. imposing that γAT1R(1) = γhyp(P

eq
ma) =

ψAT1R(1) = 1. In doing so, we obtained the following relationships:

γcAT1R = 1− γaAT1R

2
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γchyp = 1 +
γahyp

1 + exp
(
−γbhyp(1− γdhyp)

)
ψc
AT1R = 1− ψa

AT1R

2

To simplify the parameter space even further, we took advantage of the computational
results of Edwards and McDonough [30]. In this study, a steady state model of solute
transport was used to examine the impact of prolonged Ang II infusion on sodium transport
along the nephron. In particular, their simulations suggest that prolonged (14 day) Ang II
(400 ng/kg/min) infusion causes proximal tubule sodium flux to decrease by 3% (relative
to control). To best make use of this estimation, we re-formulate the strength of the
pressure natriuresis response γahyp in terms of γaAT1R such that as Pma, R

Memb,Cell
T b,P t → ∞,

γhyp×γAT1R → 0.96, where 0.96 < 0.97 was chosen because we do not expect these functions
to be fully saturated at a dose of 400 ng/kg/min. Taken together, we obtain:

γahyp =

(
1− 0.96

1 + γa
AT1R/2

)(
1 +

1

exp
(
−γbhyp(1− γdhyp)

))

To fit the remaining 6 parameters: γaAT1R, γ
b
AT1R, γ

b
hyp, γ

d
hyp, ψ

a
AT1R, and ψb

AT1R, we
simulate the non-pressor (80 ng/min) subcutaneous Ang II infusion experiment of Minas
et al. [102]. In particular, we minimize the error between the predicted and experimental
28-day blood pressure time series while imposing several physiology-based constraints on
key variables related to sodium and fluid homeostasis. In particular, we ensure: i) that
blood volume remains within ±8% of control throughout the experiment [69], and ii)
that sodium and fluid balance is restored at the new hypertensive steady state [48]. In
other words, sodium and water intake should match urinary excretion, and blood volume,
extracellular fluid volume, and plasma sodium concentration should return to baseline.

5.2.4 Systemic RAS-only blood pressure regulation model

As a primary goal of this Chapter was to unravel the specific impact of the intrarenal RAS
on slow-pressor hypertension, we slightly modify the blood pressure model described above
to create a version, hereby referred to as the systemic model, where all intrarenal effects
of Ang II are falsely assumed to depend on systemic Ang II. In this way, we can directly
compare simulations made with the two models (and previous work [1]) to determine the
distinct effect(s) of intrarenal Ang II on blood pressure regulation.

92



In the systemic model, we impose that γAT1R (Eq. 5.7) and ψAT1R (Eq. 5.15) depend on
Rcirc as opposed to RMemb,Cell

T b, P t (Eq. 5.8). In addition, we re-fit γaAT1R (Eq. 5.7) to ensure
that sodium and fluid balance is still being restored following all infusions simulated with
systemic model. All other parameters remain consistent between the two models. Unless
otherwise specified, all references to the model hereunder refer to the blood pressure model
that considers the intrarenal RAS, i.e. the intrarenal model.

5.3 Results

5.3.1 Model parameter identification and validation

As detailed in Section 5.2.3, after reparameterizing the model to represent a male Sprague
Dawley rat, the remaining RAS- and renal sodium transport-related parameters were iden-
tified sequentially by fitting to data obtained from various Ang II infusion studies. The
resulting parameter set and steady state variable values are shown in Tables C.1 and C.2,
respectively.

RAS parameters Figure 5.2 summarizes the model’s fit to plasma [AngII] (panel a),
total peripheral resistance (panel b), and intrarenal AT1R expression (panel c) data col-
lected by Zou et al. [184], Pasquie et al. [117], and Zhu et al. [179], respectively. As shown
in Figure 5.2a, introducing a bioavailability parameter (F = 0.056, solid curve) permitted
the plasma [Ang II] to plateau by the end of a prolonged (> 2 week) infusion experiment
and improved the model’s fit to experimental data. Moreover, this assumption did not
effect the model’s ability to replicate the change in systemic and intrarenal RAS peptide
levels resulting from a 40 ng/min subcutaneous Ang II infusion experiment (Figure 5.3).
Indeed, simulations remain consistent with all experimental data [184] that was previously
used to fit (dark green circular markers) and validate (light green diamond markers) the
uncoupled RAS model.

With F and ka optimized, two subsequent in silico Ang II infusion experiments were
then performed to calibrate the effect of Ang II on vascular resistance (Figure 5.2b) and in-
trarenal AT1R feedback desensitization (Figure 5.2c). Indeed, it was found that a chronic,
indirect effect of Ang II on vascular resistance ϵOXST was necessary for Rtp to increase be-
yond control to the levels observed experimentally by Pasquie et al [117]. A time constant
τOXST of 9.86 days for the intermediate variable OXST provided the best fit to experimen-
tal data [117]. Similarly, allowing intrarenal AT1R feedback, i.e. fPt and fTb, to desensitize
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once the total amount of intrarenal AT1Rs exceeded a certain threshold value (AT1R∗
T ,

dotted line) was necessary to prevent the unreasonable activation of the intrarenal RAS
following high dose and/or prolonged (greater than 2 week long) Ang II infusion experi-
ments. A threshold of AT1R∗

T/AT1R
eq
T = 4.2 was found to fit the expression data from

Zhu et al. [179] most optimally.
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Figure 5.2: Simulated vs. experimental a plasma [Ang II], b total peripheral resis-
tance Rtp, and c intrarenal AT1R levels following 141 ng/kg/min (40 ng/min) [184], 200
ng/kg/min [117], and 1500 ng/kg/min [179] Ang II infusions, respectively. a Introducing a
bioavailability parameter (F = 0.056, solid curve) permitted the plasma [Ang II] to plateau
after 2 weeks of Ang II infusion, as was observed by Zou and colleagues [184]. b A time
constant τOXST of 9.86 days provided the best fit to available total peripheral resistance
data from Ref. [117]. c A threshold intrarenal AT1R ratio of 4.3 over control provided the
best fit to expression data from Ref. [179]. This threshold was achieved after approximately
7 days (vertical dotted line) for a subcutaneous dose of 1500 ng/kg/min.

Renal sodium transport parameters As detailed in Section 5.2.3, parameters related
to sodium handling in the pt and dt were identified by simulating the 28-day, 80 ng/min
Ang II infusion experiment of Minas et al. [102], minimizing the difference between the sim-
ulated and experimental blood pressure response curve, and imposing several constraints
on sodium and water balance. In particular, blood volume could not exceed ± 8% of
baseline [69] and sodium and fluid balance had to be restored at the new hypertensive
steady state. As shown in Figure 5.4, these constraints were satisfied not just for Minas
et al. [102]’s 80 ng/min (≈ 282 ng/kg/min for a 284g rat) dose of Ang II, but for all non-
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Figure 5.3: Impact of Ang II bioavailability on intrarenal and systemic RAS peptide time
series following Ang II infusion. Simulations are compared to data collected by Zou et
al. [184] during a 13-day, 40 ng/min Ang II infusion experiment. Dark green circular
markers reflect the data points used for fitting. Light green diamond markers reflect the
data points used for validation. Introducing a bioavailability parameter (F = 0.056; solid
curves) improves the model’s fit to measured circulating plasma concentrations (panel D)
and does not significantly effect any time series previously used for model validation (see
Chapter 3).

pressor doses of Ang II from 40-400 ng/kg/min. The mechanisms by which such balance
is restored are discussed in the Sections that follow (Section 5.3.2).

Figure 5.5 compares the predicted blood pressure responses of the systemic model
(dashed curves) and the intrarenal model (solid curves) to data collected from two infusion
experiments with different doses. In panel a, the two models fits to the data collected by
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Figure 5.4: Impact of Ang II dosage on sodium and fluid balance after 7, 14, 21, and
28 days of subcutaneous infusion. With water and sodium intake fixed, a urine flow, b
extracellular fluid volume, c sodium excretion, and d plasma sodium concentration should
all return to baseline (ratio to control ≈ 1) by day 28 of each infusion. For the duration
of each experiment, extracellular fluid volume does not exceed ±4% of control, which is
consistent with the ± 8% experimental bound (panel b, dotted lines) reported by King
and Fink [69].

Minas et al. [102] are provided. In panel b, the two models are validated against the data
collected by Sampson et al. [133] over the course of their 14 day, 400 ng/kg/min Ang II
infusion experiment. At both doses, the intrarenal model (solid curves) shows excellent
agreement to data. The systemic model (dashed curves) does not, despite sodium and fluid
balance being restored in both cases (see below).

It is evident that the intrarenal RAS is essential to the development of slow-pressor
hypertension: Although blood pressure rises to the same hypertensive steady state in both
cases, it does so far too rapidly when a systemic-only RAS module is considered. To
effectively replicate the slow-rise in blood pressure that follows the administration of sub-
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pressor doses of Ang II, the intrarenal concentration of Ang II and its effects on sodium
reabsorption need to be explicitly considered. Below, we discuss why this is the case and
elaborate on the mechanisms involved in the development of slow-pressor hypertension.
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Figure 5.5: Impact of the intrarenal RAS on the blood pressure response induced by a
282 ng/kg/min (80 ng/min) [102] and b 400 ng/kg/min [133] Ang II infusion. Dark green
circular markers reflect the data points used for fitting. Light green diamond markers
reflect the data points used for validation. Dashed curves were simulated with the sytemic
model.

5.3.2 Model predictions

The development of Ang II-induced hypertension is mediated by the balance
between pressure natriuresis and Ang II’s direct and indirect effects on sodium
reabsorption

To unravel the mechanisms that mediate the development of Ang II-induced hypertension,
we extend the 400 ng/kg/min Ang II infusion experiment of Sampson et al. [133] to 28 days
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and examine key model variables, such as; blood pressure, sodium balance, fluid volume,
and vascular resistance when various Ang II-driven effects are turned on/off. Figure 5.6
summarizes the results. We begin by describing the results of the wild-type intrarenal
model (solid curves), before delving in to the results of each in silico knockout experiment
(dashed/dotted curves) to justify our conclusions. Furthermore, we divide the response
into four Phases (white and grey shaded regions) based on whether the wild-type model is
exhibiting net sodium reabsorption (ϕusod < ϕusodin) or excretion (ϕusod > ϕusodin):
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Figure 5.6: Mechanisms that mediate slow-pressor hypertension induced by Ang II infu-
sion. The response of key model variables to a 400 ng/kg/min Ang II infusion are shown,
including: a blood pressure (Pma), b sodium balance (ϕusod/ϕsodin), c extracellular fluid
volume (Vecf ), and d total peripheral resistance (Rtp). Wild-type intrarenal model simu-
lations (solid curves) are compared to in silico knockout experiments, where the indirect
aldosterone-mediated (dotted curves) and direct effects of Ang II on sodium reabsorption
(dashed curves) and vascular resistance (dash-dotted curves) are removed. The first two
weeks of the wild-type blood pressure response (panel a) are compared to validation data
(markers) from Sampson et al. [133].

Phase 1 (Figure 5.6, first unshaded (white) region) begins with the rapid release of
aldosterone from the adrenal gland shortly after the Ang II infusion begins. Aldosterone
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acts on the kidney to increase sodium reabsorption (panel b) leading to an increase in
extracellular fluid volume Vecf (panel c) and blood pressure Pma (panel a). This volume-
induced increase in Pma feeds back to inhibit pt sodium reabsorption via the pressure
natriuresis response γhyp (Eq. 5.10). This negative feedback restores sodium balance by
the end of Phase 1 and prevents Vecf from rising any further.

At the start of Phase 2 (Figure 5.6, light grey shaded region), the chronic effects of
Ang II on vascular resistance Rtp (panel d) have begun to take effect. As a result, Pma

(panel a) continues to rise despite the fact that blood volume (panel c) is now decreasing
(because of the pressure-natriuresis effect). Blood volume does not decrease indefinitely
however due to the progressive rise in intrarenal Ang II that has been occurring alongside
each of these processes: Indeed, at approximately mid-way through Phase 2 (day 6 of
the infusion), the AT1R-mediated effects of Ang II on pt and dt sodium reabsorption have
sufficiently activated and begin to overpower the pressure natriuresis response. This brings
sodium balance back to baseline (and causes Vecf to hit a local minimum) by the end of
Phase 2.

The direct effects of Ang II on sodium reabsorption remain in full effect at the start
of Phase 3 (Figure 5.6, dark grey shaded region). Indeed, there is a net reabsorption of
sodium and water (panel b) that causes Vecf (panel c) to increase. However, after a few
more days of Ang II infusion, the positive feedback on intrarenal AT1Rs (Eq. 5.21) starts
to desensitize (Eq. 5.20) and tubular epithelial cell-associated Ang II levels level off. With
all sodium reabsorption-enhancing effects now saturated and Pma (panel a) still rising, the
pressure natriuresis effect takes over once again which brings sodium excretion back to
baseline by the end of Phase 3.

In Phase 4 (Figure 5.6, second unshaded (white) region), Pma equilibrates such that
the value of γhyp (Eq. 5.10) at the new hypertensive steady state balances the combined
effect of all sodium reabsorption-inducing functions that have since saturated. In other
words, after approximately 15 days of prolonged infusion the pressure natriuresis response
has shifted to a higher set point in order to maintain sodium and fluid balance. This
supports experimental findings that the resetting of the pressure natriuresis response ne-
cessitates increased blood pressure to maintain solute and fluid homeostasis : Blood pressure
must rise sufficiently for it’s feedback on pt sodium reabsorption to balance the combined
stimulatory effects of aldosterone and Ang II along the nephron.

These findings are confirmed by the results of various in silico knockout studies: Firstly,
When the effect of aldosterone on sodium reabsorption ψALD (Eq. 5.14) is removed (Fig-
ure 5.6, dotted curves), the initial increase in sodium reabsorption (panel b), Vecf (panel
c), and Pma (pnael a) are all significantly inhibited. Secondly, when the vascular effects of
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Ang II are inhibited (ϵOXST = 1; Figure 5.6, dash-dotted curves), Pma never rises to the
extent required to bring ϕusod above and thus, Vecf back to baseline. Instead, the model
remains in a state of net sodium reabsorption for the remainder of the infusion, leading
to an unphysiological volume-induced increase in Pma. Lastly, when the direct effects of
intrarenal Ang II on sodium reabsorption are inhibited (γAT1R = ψAT1R = 1; Figure 5.6,
dashed curves), the model no longer shifts from a state of net excretion to net reabsorp-
tion as it enters Phase 3 of the response. As a result, there is net loss of volume and
hypertension is no longer observed.

The relative low blood pressure in the previous knockout experiment speaks to the
importance of Ang II-mediated sodium handling in the development of hypertension: With
this effect removed, hypertension is no longer observed. To determine whether the timing
of the activation is equally as significant, next we compare these findings to those of the
systemic model, where all effects of intrarenal Ang II are replaced with systemic Ang II
(which has more rapid dynamics). Results are shown in Figure 5.7.

Aldosterone and Ang II must act at distinct time scales within the kidney to
observe slow-pressor hypertension

As demonstrated in Figure 2.2, both the systemic model and the intrarenal model produce
the same degree of hypertension (panel a) and adequately restore sodium and water balance
(panels b and c) following prolonged Ang II infusions. However, the systemic model is in-
capable of producing slow-pressor hypertension. Indeed, Pma rises far too rapidly when the
concentration and the effects of intrarenal Ang II are not considered. Simulations suggest
that this is because the hypertensive mechanism differs (Figure 5.8): With aldosterone and
Ang II acting simultaneously on the kidney in the systemic model, Phase 1 of the response
is significantly exaggerated, i.e. the initial increase in sodium reabsorption, Vecf , and Pma

are much larger. Furthermore, since systemic Ang II does not progressively rise during the
infusion like intrarenal Ang II, there is no Phase 2 or Phase 3 of the response. Instead,
Phase 1 is followed directly by Phase 4 and there is no slow rise in Pma.

In summary, our results suggest that the slow development of hypertension follow-
ing Ang II infusion is dictated by the timing of Ang II’s actions within the kidney. In
particular, the indirect (aldosterone-mediated) and direct actions of Ang II on sodium re-
absorption must occur sequentially. This is facilitated by the de-coupling of the systemic
and intrarenal RASs. Our results, illustrated in Figure 5.8, therefore shed light on the
functional importance of the progressive rise in intrarenal Ang II that has been observed
in various experimental models of slow-pressor hypertension.
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Figure 5.7: Impact of intrarenal Ang II on the development of slow-pressor hypertension.
The response of key model variables to a 400 ng/kg/min Ang II infusion are shown, in-
cluding: a blood pressure (Pma), b sodium balance (ϕusod/ϕsodin), and c extracellular fluid
volume (Vecf ), when the intrarenal model (solid curves) vs. the systemic model (dashed
curves) is simulated. To effectively replicate the slow-rise in blood pressure that follows
the administration of sub-pressor doses of Ang II, the intrarenal concentration of Ang II
and its effects on sodium reabsorption need to be explicitly considered.

5.4 Discussion

The primary goal of this Chapter was to identify the role of the intrarenal RAS in the
development of hypertension induced by Ang II infusion. To accomplish this, Ahmed and
Layton [1]’s male rat long-term blood pressure regulation model was updated and coupled
to the intrarenal and systemic RAS model presented in Chapter 2. After parameterizing
and validating the coupled model against data collected from various Ang II infusion
experiments, simulations were conducted to gain insight into the mechanisms that mediate
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Figure 5.8: Schematic representation of the mechanisms governing Ang II-induced hyper-
tension when the a intrarenal model or the b systemic model is simulated. Aldosterone
and Ang II must act at distinct time scales (t1 and t3, respectively) within the kidney to
observe slow-pressor hypertension.

slow-pressor hypertension. By comparing the findings of this intrarenal model to those of a
systemic model where all intrarenal effects of Ang II were (falsely) assumed to be mediated
by systemic Ang II, the particular importance of the intrarenal RAS in producing such
blood pressure responses was elucidated. Below, we discuss the answers to the research
questions outlined in Section 5.1.

Does the resetting of the pressure natriuresis mechanism necessitate increased
blood pressure to maintain solute and fluid homeostasis in Ang II-induced
hypertensive rats? Yes. Simulations suggest that in Ang II-induced hypertension in
particular, a higher set point for the pressure natriuresis mechanism (i.e. it’s resetting) is
required to maintain sodium balance. In other words, impaired pressure natriuresis is not a
consequence of, but rather a cause of the observed hypertension. With Ang II acting both
directly and indirectly to stimulate sodium reabsorption along the nephron, blood pressure
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must increase to an extent that produces an equally-strong inhibitory effect on pt sodium
reabsorption to restore sodium balance. Indeed, when either the indirect (aldosterone-
mediated; Figure 5.6, dotted curves) or the direct (Figure 5.6, dashed curves) effects of
Ang II on the kidney were removed from the model, blood pressure (Figure 5.6a) did not
increase nearly as significantly relative to the wild-type simulations. This conclusion is
consistent with the experimental studies of Hall et al. in Ang II-induced hypertensive
dogs [47] and has also been observed in other experimental models of hypertension, such
as aldosterone, adrenocorticotrophic hormone, and norepinephrine hypertension [48].

Do progressively rising intrarenal Ang II levels functionally contribute to slow-
pressor hypertension? Yes. Not only must Ang II accumulate in the kidney to ob-
serve hypertension following Ang II infusion (as illustrated by the aforementioned in silico
knockout experiments; Figure 5.6, dashed curves), but the speed at which intrarenal Ang
II levels rise also dictates the dynamics of the conditions progression. In particular, our
results suggest that aldosterone and Ang II must act at distinct time scales within the
kidney to observe slow-pressor hypertension (Figure 5.8a). When the two peptides act si-
multaneously (as was the case in the systemic model ; Figure 5.8b), blood pressure rises far
faster than is experimentally predicted. The successive activation of sodium transport by
aldosterone and Ang II was also necessary to ensure that extracellular fluid volume did not
exceed the experimental bounds reported by King and Fink [69] (±8%) during each Ang
II infusion experiment. Indeed, extracellular fluid volume remained within ±4% of control
throughout all intrarenal infusion experiments (Figure 5.7c, solid curve), but increased to
over 13% of control during the systemic experiments (Figure 5.7c, dashed curve).

In practice, the sequential activation of sodium transport by Ang II is facilitated by
the de-coupling of the systemic and intrarenal RASs. Indeed, systemic Ang II levels (Fig-
ure 5.3d) rise far more rapidly than intrarenal Ang II levels (Figure 5.3f) during the de-
velopment of Ang II-induced hypertension. As discussed in Chapter 3, this is because Ang
II accumulates extracellularly in the plasma, but intracellularly in the kidney. Indeed,
intrarenal Ang II levels do not rise significantly until the positive feedback on intrarenal
AT1R expression has sufficiently activated to facilitate enhanced AT1R-mediated uptake
of circulating Ang II into tubular epithelial cells.

5.4.1 Model limitations and future extensions

The model presented in this Chapter has several limitations. Firstly, all renal hemodynamic
variables (renal blood flow and glomerular filtration rate) are assumed constant. Although,
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the latter is consistent with experimental findings [4, 167, 32], an increase in intrarenal
Ang II is known to lower renal blood flow by increasing afferent and efferent arteriole
resistance [167, 4]. This increases filtration fraction is not captured by the present model.
In future work, the effects of Ang II on afferent and efferent arteriole resistance [176] can
be re-introduced to the model, along with the effects of tubuloglomerular feedback [10]
and the myogenic response [96]. Having calibrated an accurate dose-dependent formalism
to simulate Ang II infusion experiments in this Chapter, these effects can be compared
to in vivo hemodynamic data from Ref’s [32] and [166] for the purposes of fitting and/or
validation.

Secondly, when calibrating the present model, we were limited in the amount of data
that was available to fit the renal sodium transport parameters. While the impact of Ang
II on tubular sodium transporter expression has been measured experimentally [112], the
downstream effect of these changes on sodium flux along the nephron remains unknown.
Therefore, to fit our model we used computational estimates of these fluxes [30]. In future
work, we could instead replace the current sodium and fluid handling component of the
blood pressure regulation model with the kidney function model of Edwards et al. [30]
directly. In this way, the measured effects of Ang II on sodium transporters could be
considered explicitly.

Another avenue for future work would be to couple the PK model of Losartan pre-
sented in Chapter 4 to the blood pressure regulation model described here. Coupling can
be achieved via the drug’s known AT1R binding properties and the impact of blood volume
on it’s systemic concentration. Coupling may also require that some solute transport effec-
tor functions be re-calibrated, as each were only fit to data where the local AT1R-bound
Ang II concentration increased above control. When Losartan is administered, we expect
these concentrations to decrease. Moreover, since the glomerular filtration rate is often
not conserved following Losartan administration [170], the renal hemodynamic component
of the model must also first be updated as described above. Nevertheless, once complete
the resultant PK/PD model would allow us to study the downstream effects of inhibited
intrarenal Ang II accumulation on blood pressure explicitly. Furthermore, by simulating
Losartan administration under different autoregulatory conditions, the mechanisms con-
tribution to the drug’s variable effect on renal hemodynamics could also be investigated.

A similar approach could also be taken to study the effects of ACEis on blood pressure
regulation. Indeed, a PK model of a common ACEi could be created and coupled to that
of blood pressure regulation via the inhibition of systemic and intrarenal ACE activity. By
comparing its findings to those of the comprehensive Losartan model outlined above, the
differential effects of ARBs and ACEis could be quantified. In Chapter 4, we hypothesized
that ARBs would be more effective than ACEis in preventing hypertension induced by Ang
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II because the latter class of drugs would not prevent the intracellular uptake of exogenous
Ang II in the kidney. This hypothesis could be substantiated should these two PK/PD
models be developed.

Like all models developed in this thesis, this blood pressure regulation model and its
results are specific to male rats. However, many regulators of blood pressure, including
both the RAS and kidney function, are different between the sexes. Ahmed and Layton [1]
previously created sex-specific models of blood pressure regulation in the rat by accounting
for differences in size, renal hemodynamics, and systemic RAS hormone concentrations. In
future work, a similar re-parameterization could be applied to the model presented in this
Chapter to create versions that include an intrarenal RAS. Once developed, the resulting
sex-specific blood pressure regulation models could be used to explain why blood pressure
increases more in male rats than female rats chronically infused with the same dose of Ang
II [133]. These models could also be coupled to that of Losartan (Chapter 4) to examine
why males and females respond differently to anti-hypertensive therapies that target the
RAS.

Finally, the current model does not represent the circadian pattern of blood pressure nor
its regulators. By extending the model to incorporate these rhythms in appropriate model
parameters, and possibly coupling it to a kidney function model that represents circadian
rhythms [76, 164], it can be used to examine how circadian disruption may contribute
to the pathogenesis of hypertension. Indeed, disruption of the circadian pattern of blood
pressure is associated with increased risk of cardiovascular disease [27].
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Chapter 6

Conclusions

Hypertension is the leading cause of cardiovascular disease and premature death world-
wide [8, 101]. Despite the many social and pharmacological efforts aimed at hypertension
prevention and control, its prevalence continues to increase. In 2015, 1.52 billion adults
were impacted globally; 137 million (9%) more than in 2010 [8, 101]. Hypertension is
rapidly becoming a world-wide epidemic. Thus, it is imperative that we fully understand
blood pressure physiology and the etiology of its dis-regulation.

Hypertension is a multi-factorial condition associated with multiple risk factors and
patho-physiological changes. The interconnected nature of the systems involved makes
it difficult, and in many cases impossible, to link its inception to a single cause. Animal
experimental models have proved useful in reducing the complexity of the problem, allowing
researchers to focus on how the impairment of one system may affect the others and lead
to hypertension. By building off of these experimental results, computational models can
be developed and used to run in silico experiments that may be difficult or impossible to
perform in practice. Historically, such computational efforts have proved particularly useful
when studying systems that are multi-factorial in nature, such as blood pressure regulation,
because once a model has been developed that includes all components of interest, they
can be turned on/off to examine their impact on the network as a whole.

In the Chapters presented in this thesis, we developed various computational models to
study the intrarenal RAS in hypertension by building off the results of one experimental
model of interest; chronic Ang II infusions. Our contributions to the field include: a novel
model of the intrarenal and systemic RAS in the male rat (model 1 ); the first PK/PD
model of the ARB Losartan that considers the kidney (model 2 ); and the first whole-body
long-term blood pressure regulation model that includes an intrarenal RAS (model 3 ).

106



Below, we discuss how these models were used to answer our initial research questions and
summarize our key findings:

What mechanisms mediate the progressive rise in intrarenal Ang II that accompanies
hypertension induced by Ang II infusion? Enhanced AT1R-mediate uptake of circulating
Ang II (UPTK ) is the primary mechanism by which Ang II accumulates in the kidney
in Ang II-induced hypertension: Previously, both UPTK and increased endogenous Ang
II production (PROD) had been suggested as mechanisms contributing to intrarenal Ang
II accumulation following chronic Ang II infusions. However, their individual contribu-
tions to this response had yet to be delineated. Since each mechanism relies on a distinct
source of intrarenal positive feedback (UPTK ; enhanced tubular epithelial AT1R expres-
sion, PROD ; enhanced proximal tubule AGT and collecting duct renin production), we
took a computational approach to unravel their effects: By simulating model 1 in the ab-
sence and presence of the different positive feedback loops, we showed that UPTK is the
primary mechanism by which Ang II accumulates in the kidney. PROD acts secondarily to
conserve basal Ang II production rates despite significantly reduced plasma, and therfore
filtered, peptide levels. Indeed, the vast majority of Ang II accumulates intracellularly
after positive feedback on intrarenal AT1R expression has been sufficiently activated.

How does this over-activation contribute to blood pressure dis-regulation? An over-
active intrarenal RAS increases blood pressure via Ang II’s direct effects on sodium reab-
sorption in the kidney: While hypothesized in Chapter 3, this was confirmed in Chapter 5
by running simulations using model 3. Indeed, with Ang II acting directly (and indirectly)
to increase sodium reabsorption along the nephron, blood pressure must increase to an
extent that produces an equally-strong inhibitory effect on proximal tubule transport such
that sodium balance is restored via pressure natriuresis. When the direct effects of Ang
II on the kidney were removed in silico, hypertension was not observed. Hypertension
was also inhibited when Ang II’s indirect (aldosterone-mediated) effects on sodium reab-
sorption were removed, though to a lesser extent. In summary, our results suggest that
in Ang II-induced hypertension, Ang II initiates the resetting of the pressure natriuresis
mechanism by stimulating sodium reabsorption. Since impaired pressure natriuresis is ob-
served in all cases of hypertension, it is likely that the same is true for cases of clinical
hypertension stemming from an over-active RAS.

Another key model insight was the discovery that the timing of intrarenal RAS over-
activation affects the dynamics of the blood pressure response. Indeed, slow pressor hy-
pertension is a consequence of systemic and intrarenal RAS decoupling: The progressive
accumulation of Ang II in the kidney permits the sequential activation of sodium reab-
sorption by aldosterone, then Ang II. This decoupling also allows fluid volume to remain
within normal physiological limits over the course of the infusion. Our findings explain why
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previous model iterations, which only consider the systemic RAS, were unable to replicate
the slow rise in blood pressure that accompanies Ang II infusion [1].

How are these responses altered by treatment with RAS-modulating anti-hypertensive
therapies? ARBs prevent intrarenal Ang II levels from rising by blocking all positive feed-
back in the kidney, but likely prevent blood pressure from rising by blocking the peptide’s
main intracellular uptake pathway: The key point break-down effect, i.e. the inhibition of
all intrarenal positive feedback, had previously been proposed as the mechanism by which
Losartan prevents both intrarenal Ang II and blood pressure from rising following Ang II
infusion [170]. While model simulations confirm that the former is true, we propose that
the latter is not. Indeed, we observed that Losartan administration inhibits both UPTK
and PROD. The former, driven by a lack of positive feedback on AT1R expression, pre-
vented circulating (exogenous) Ang II from accumulating in tubular epithelial cells. The
latter, driven by a lack of positive feedback on local AGT and renin production, helped
to maintain intrarenal endogenous peptide concentrations despite their significantly higher
plasma concentrations. These two effects successfully prevented intrarenal Ang II levels
from rising significantly during each infusion. Perhaps more importantly however, we also
observed a shift in Ang II localization from mainly intracellular to mainly extracellular
compartments. We hypothesize that it is actually this effect that primarily contributes to
Losartan’s blood pressure normalizing effects. Indeed, regardless of it’s intrarenal concen-
tration, if Ang II cannot bind to or enter renal cells, it cannot effect sodium reabsorption
and thus blood pressure. Below, we elaborate on this hypothesis in greater detail.

How does this explain the effectiveness of these treatment strategies in preventing clinical
hypertension associated with an overactive RAS? We hypothesize that by blocking AT1Rs,
ARBs effectively remove all previous sodium reabsorption enhancing stimuli which allows
pressure natriuresis to return to its initial set point: With all Ang II restricted to extra-
cellular compartments and unable to bind to AT1Rs, both it’s indirect and direct effects
on sodium reabsorption become inhibited. Indeed, systemic Ang II is no longer able to
stimulate the release of aldosterone and intrarenal Ang II is no longer to act on the kidney
directly. Without these stimuli present to increase sodium reabsorption, an elevated blood
pressure is no longer required to maintain sodium balance via pressure natriuresis. In fact,
if blood pressure were to remain at it’s previous hypertensive set point, we hypothesize that
the body would be put in a state of negative sodium balance and volume would decrease
to unphysiological levels. In essence, ARBs trigger yet another resetting of the pressure
natriuresis mechanism where blood pressure now decreases to restore sodium balance. As
discussed below, in future work these hypothesis could be substantiated by coupling the
PK model of Losartan outlined in Chapter 4 to the blood pressure model presented in
Chapter 5.
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6.1 Model limitations and future extensions

In this thesis, we produced three novel computational models to study the role of the
intrarenal RAS in hypertension. Beginning with the development of an isolated RAS
model (model 1 ), we zoomed in to unravel the mechanisms mediating the progressive rise
in intrarenal Ang II that accompanies Ang II infusion. Then, by extending the model to
include a PK representation of the ARB Losartan (model 2 ), we examined the impact of
this RAS-modulating anti-hypertensive therapy on the general activity of the intrarenal
RAS. Lastly, by coupling our model to one of blood pressure regulation and creating the
first model of long-term blood pressure regulation that considers an intrarenal RAS (model
3 ), we zoomed back out to determine how the aforementioned effects actually contribute
to blood pressure dis-regulation. In general, with these models we were able to analyze the
mechanisms contributing to both the development of and the prevention of hypertension
at multiple scales. Below, we discuss the multiple ways that our models and results could
be extended in future work.

Modelling sex-differences The models presented in this thesis are specific to male rats.
Because the majority of physiological research has been conducted in males, this choice was
made to maximize the amount of data that could be used for model calibration and vali-
dation. However, it has been long established that the steady state concentrations of most
RAS peptides differ between males and females [119], and that each sex responds differently
to anti-hypertensive therapies that target the RAS [84]. Moreover, in multiple experimen-
tal models of hypertension, including spontaneously hypertensive rats, salt-sensitive rats,
and Ang II hypertensive rats, males develop an earlier and more severe hypertension than
females [79, 133]. It is important that future work address these differences. Not only will
this ensure an equal understanding of the mechanisms governing the development of and
the prevention of hypertension in females, but hopefully improve our understanding of why
young males appear to be more at risk for clinical hypertension than females [79]. In prac-
tice, a sex-specific investigation of the intrarenal RAS in hypertension and renal function
would begin with the re-calibration of our intrarenal RAS model to the systemic and whole-
kidney experimental measurements collected by [119]. This model could be subsequently
coupled to our PK model of Losartan (or a different RAS-modulating anti-hypertensive
therapy), a sex-specific blood pressure regulation model [1], a sex-specific epithelial solute
transport model [92, 56, 57, 58], or a sex-specific renal blood flow model [20] to study how
sex affects kidney function and blood pressure (dis-)regulation.

Modelling anti-hypertensive therapies In Chapter 4 we created the first PK/PD model
of the ARB Losartan that considers the kidney. In doing so, we gained key insight into
how this medication modulates the activity of the intrarenal RAS in hypertensive male
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rats. However, because blood pressure was not represented explicitly, we could not quan-
tify the downstream impact of these changes on blood pressure regulation. In future work,
this could be overcome by coupling the model’s PK component to the model of long term
blood pressure regulation presented in Chapter 5. A similar approach could be taken to
study other RAS-modulating anti-hypertensive therapies such as ACEis. Given the multi-
factorial nature of hypertension, there is no one way to treat it. Different patients respond
differently to different classes of medication. By improving our understanding of how
each medication targets each regulator of blood pressure, computational modelling can be
used to inform and suggest more tailored treatment regimens based on a patients history,
sex, and co-morbities. With multiple PK models calibrated, the effect of polytherapeu-
tic treatment regiments (simultaneous treatment with 2 or more medications) could also
be investigated; Polytherapy is common and often required to get blood pressure under
control [26].

Modelling other experimental models of hypertension Here we have discussed the role of
the intrarenal RAS in the pathogenesis of hypertension induced by Ang II infusion. How-
ever, Ang II infusion is an experimental model which relies on the constant administration
of non physiological doses of Ang II [174]. As a result, it has a limited scope in terms of
its relevance to clinical hypertension. Nevertheless, the conclusions drawn from this work
may have broader implications to other forms of hypertension that are associated with
an overactive RAS. Indeed, the decoupling of the systemic and intrarenal RAS has been
observed in many other experimental models of hypertension that better represent clinical
hypertension, such as: two-kidney, one-clip Goldblatt hypertension [18], salt-sensitive rats
[168], and spontaneously hypertensive rats [150]. Hence, it is expected that the systemic
and intrarenal RAS become de-coupled in cases of clinical hypertension that are associated
with an overactive RAS. Furthermore, the mechanisms mediating this effect are likely the
same as those that contribute to Ang II-induced hypertension. These hypotheses can be
further explored in future work, by using the presented models to study the functional role
of the intrarenal RAS in other experimental models of hypertension that do not involve
the exogenous infusion of Ang II.

Modelling other (patho-)physiological systems While the studies presented in this thesis
were specific to hypertension, the intrarenal RAS is also known to be involved and exhibit
notable changes in various other conditions, such as: pregnancy [145], nephrectomy [75,
34, 81], and SGLT2 inhibition and diabetes [80, 55, 82, 148]. By integrating our model
of the RAS into existing computational models of these other physiological and patho-
physiologial systems, we can begin to unravel the many and diverse ways in which the
intrarenal RAS influences our physiology and health.

Historically, mathematical physiology has been an invaluable tool to unravel the com-

110



plex systems involved in a wide range of biological and physiological phenomenon [68].
Here, we demonstrated its effectiveness in studying the intricacies of blood pressure physi-
ology and the etiology of its dis-regulation. It is our hope that future studies can continue
moving the needle towards a more comprehensive understanding of hypertension, so that
more effective treatment and prevention strategies may be devised.
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Appendix A

Intrarenal RAS model equations

Below, the model equations for each compartment are summarized.

A.1 Glomerular compartment

d[AngI]Ext
Gl

dt
(t) =

ϕGl

V Ext
Gl

(
[AngI]circ(t)− [AngI]Ext

Gl (t)
)

(A.1)

d[AngII]Ext
Gl

dt
(t) =

ϕGl

V Ext
Gl

(
[AngII]circ(t)− [AngII]Ext

Gl (t)
)

+ kdiss[AT1R− bound AngII]Memb
Gl (t)

− kass[AT1R]
Memb
Gl (t)[AngII]Ext

Gl (t)

(A.2)

d[AT1R− bound AngII]Memb
Gl

dt
(t) = kass[AT1R]

Memb
Gl (t)[AngII]Ext

Gl (t)

− kdiss[AT1R− bound AngII]Memb
Gl (t)

− kint[AT1R− bound AngII]Memb
Gl (t)

(A.3)
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d[AT1R− bound AngII]Cell
Gl

dt
(t) = kint

V Ext
Gl

V Cell
Gl

[AT1R− bound AngII]Memb
Gl (t)

+ kass[AT1R]
Cell
Gl (t)[AngII]Cell

Gl (t)

− kdiss[AT1R− bound AngII]Cell
Gl (t)

(A.4)

d[AngII]Cell
Gl

dt
(t) = kdiss[AT1R− bound AngII]Cell

Gl (t)

− kass[AT1R]
Cell
Gl (t)[AngII]Cell

Gl (t)

− klys[AngII]
Cell
Gl (t)

(A.5)

d[AT1R]Cell
Gl

dt
(t) = kdiss[AT1R− bound AngII]Cell

Gl (t)

− kass[AT1R]
Cell
Gl (t)[AngII]Cell

Gl (t)

− krec[AT1R]
Cell
Gl (t)

(A.6)

V Ext
Gl [AT1R]Memb

Gl (t) = AT1Rtot
Gl−

(
V Ext
Gl [AT1R− bound AngII]Memb

Gl (t)

+ V Cell
Gl [AT1R− bound AngII]Cell

Gl (t)

+ V Cell
Gl [AT1R]Cell

Gl (t)
) (A.7)

A.2 Tubular compartment

d[AngI]Ext
Tb

dt
(t) =

ϕGFR

V Ext
Tb

[AngI]circ(t) +
ϕGl

V Ext
Tb

[AngI]Ext
Gl (t)

+ kTb
AngI(t)−

(
cTb
ACE +

kdiff + ϕU

V Ext
Tb

)
[AngI]Ext

Tb (t)

(A.8)
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d[AngII]Ext
Tb

dt
(t) =

ϕGFR

V Ext
Tb

[AngII]circ(t) + cTb
ACE[AngI]

Ext
Tb (t)

+
ϕGl

V Ext
Tb

[AngII]Ext
Gl (t)−

(
kmeg + ϕU

V Ext
Tb

)
[AngII]Ext

Tb (t)

+ kdiss[AT1R− bound AngII]Memb
Tb (t)

− kass[AngII]
Ext
Tb (t)[AT1R]Memb

Tb (t)

(A.9)

d[AT1R− bound AngII]Memb
Tb

dt
(t) = kass[AT1R]

Memb
Tb (t)[AngII]Ext

Tb (t)

− kdiss[AT1R− bound AngII]Memb
Tb (t)

− kint[AT1R− bound AngII]Memb
Tb (t)

(A.10)

d[AT1R− bound AngII]Cell
T b

dt
(t) = kint

V Ext
Tb

V Cell
P t,T b

[AT1R− bound AngII]Memb
Tb (t)

+ kass[AT1R]
Cell
T b (t)[AngII]Cell

T b (t)

− kdiss[AT1R− bound AngII]Cell
T b (t)

(A.11)

d[AngII]Cell
T b

dt
(t) = kdiss[AT1R− bound AngII]Cell

T b (t)

− kass[AT1R]
Cell
T b (t)[AngII]Cell

T b (t)

+ kmeg
V Ext
Tb

V Cell
T b, P t

[AngII]Ext
Tb (t)

− (klys + ktrans)[AngII]
Cell
T b (t)

(A.12)

d[AT1R]Cell
T b

dt
(t) = kdiss[AT1R− bound AngII]Cell

T b (t)

− kass[AT1R]
Cell
T b (t)[AngII]Cell

T b (t)

− krec[AT1R]
Cell
T b (t)

(A.13)
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d[AT1R]Memb
Tb

dt
(t) = krec

V Ext
Tb

V Cell
P t,T b

[AT1R]Cell
T b (t)

+ kdiss[AT1R− bound AngII]Memb
Tb (t)

− kass[AT1R]
Memb
Tb (t)[AngII]Ext

Tb (t)

+ fbAT1R
Tb

(
[AT1R− bound AngII]Memb

Tb (t)
)

(A.14)

A.3 Peritubular compartment

d[AngI]Ext
Pt

dt
(t) = kPt

AngI +
kdiff
V Ext
Pt

[AngI]Ext
Tb (t)

−
(
cPt
ACE +

ϕPv + ϕL

V Ext
Pt

)
[AngI]Ext

Pt (t)

(A.15)

d[AngII]Ext
Pt

dt
(t) = ktrans

V Cell
T b, P t

V Ext
Pt

[AngII]Cell
T b (t) + cPt

ACE[AngI]
Ext
Pt (t)

−
(
ϕPv + ϕL

V Ext
Pt

)
[AngII]Ext

Pt (t)

+ kdiss[AT1R− bound AngII]Memb
Pt (t)

− kass[AT1R]
Memb
Pt (t)[AngII]Ext

Pt (t)

(A.16)

d[AT1R− bound AngII]Memb
Pt

dt
(t) = kass[AT1R]

Memb
Pt (t)[AngII]Ext

Pt (t)

− kdiss[AT1R− bound AngII]Memb
Pt (t)

− kint[AT1R− bound AngII]Memb
Pt (t)

(A.17)
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d[AT1R− bound AngII]Cell
P t

dt
(t) = kint

V Ext
Pt

V Cell
P t,T b

[AT1R− bound AngII]Memb
Pt (t)

+ kass[AT1R]
Cell
P t (t)[AngII]Cell

P t (t)

− kdiss[AT1R− bound AngII]Cell
P t (t)

(A.18)

d[AngII]Cell
P t

dt
(t) = kdiss[AT1R− bound AngII]Cell

P t (t)

− kass[AT1R]
Cell
P t (t)[AngII]Cell

P t (t)− klys[AngII]
Cell
P t (t)

(A.19)

d[AT1R]Cell
P t

dt
(t) = kdiss[AT1R− bound AngII]Cell

P t (t)

− kass[AT1R]
Cell
P t (t)[AngII]Cell

P t (t)

− krec[AT1R]
Cell
P t (t)

(A.20)

d[AT1R]Memb
Pt

dt
(t) = krec

V Ext
Pt

V Cell
P t,T b

[AT1R]Cell
P t (t)

+ kdiss[AT1R− bound AngII]Memb
Pt (t)

− kass[AT1R]
Memb
Pt (t)[AngII]Ext

Pt (t)

+ fbAT1R
Pt

(
[AT1R− bound AngII]Memb

Pt (t)
)
)

(A.21)

A.4 Post-glomerular blood vasculature compartment

d[AngI]Pv

dt
(t) =

ϕRPF − ϕGFR − ϕGl

VPv

[AngI]circ(t) +
ϕPv

VPv

[AngI]Ext
Pt (t)

−
(
ϕRPF − ϕL − ϕU

VPv

+
ln 2

hAngI

)
[AngI]Pv(t)

(A.22)
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d[AngII]Pv

dt
(t) =

ϕRPF − ϕGFR − ϕGl

VPv

[AngII]circ(t) +
ϕPv

VPv

[AngII]Ext
Pt (t)

−
(
ϕRPF − ϕL − ϕU

VPv

+
ln 2

hAngII

)
[AngII]Pv(t)

+ kdiss[AT1R− bound AngII]Memb
Pv (t)

− kass[AngII]Pv(t)[AT1R]
Memb
Pv (t)

(A.23)

d[AT1R− bound AngII]Memb
Pv

dt
(t) = kass[AngII]Pv(t)[AT1R]

Memb
Pv (t)

− kdiss[AT1R− bound AngII]Memb
Pv (t)

(A.24)

[AT1R]Memb
Pv (t) = [AT1R]totPv − [AT1R− bound AngII]Memb

Pv (t) (A.25)
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Appendix B

Intrarenal Losartan and EXP3174
model equations

Below, the model equations describing the dynamics of metabolite X (X = Los or
EXP3174) in each extracellular intrarenal sub-compartment C (C = Gl, Tb, Pt, or Pv)
are summarized.

d[X]Ext
Gl

dt
(t) =

ϕGl

V Ext
Gl

(
[X]circ(t)− [X]Ext

Gl (t)
)

+ kXdiss[AT1R− bound X]Memb
Gl (t)− kXass[AT1R]

Memb
Gl (t)[X]Ext

Gl (t)

(B.1)

d[X]Ext
Tb

dt
(t) =

ϕGFR

V Ext
Tb

[X]circ(t) +
ϕGl

V Ext
Tb

[X]Ext
Gl (t)

−
(
kdiff + ϕU

V Ext
Tb

)
[X]Ext

Tb (t)

+ kXdiss[AT1R− bound X]Memb
Tb (t)− kXass[X]Ext

Tb (t)[AT1R]Memb
Tb (t)

(B.2)
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d[X]Ext
Pt

dt
(t) =

kdiff
V Ext
Pt

[X]Fl
Tb(t)

−
(
ϕPv + ϕL

V Ext
Pt

)
[X]Ext

Pt (t)

+ kXdiss[AT1R− bound X]Memb
Pt (t)− kXass[AT1R]

Memb
Pt (t)[X]Ext

Pt (t)

(B.3)

d[X]Pv

dt
(t) =

ϕRPF − ϕGFR − ϕL

VPv

[X]circ(t) +
ϕPv

VPv

[X]Ext
Pt (t)−

(
ϕRPF − ϕL − ϕU

VPv

)
[X]Pv(t)

+ kXdiss[AT1R− bound X]Memb
Pv (t)− kXass[X]Pv(t)[AT1R]

Memb
Pv (t)

(B.4)
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Appendix C

Blood pressure model equations

Unless otherwise specified in Chapter 5, all equations listed below are taken directly from
Ahmed and Layton [1]’s long-term blood pressure regulation model in the male rat. All
model parameters and steady state variable values are provided in Table C.1 and Table C.2,
respectively.

C.1 Cardiovascular function

The equations describing mean arterial pressure (Pma), cardiac output (ϕco), venous return
(ϕvr), mean filling pressure (Pmf ), and the resistance to venous return (Rvr) are provided
below. Equations describing total peripheral resistance (Rtp; Eq. 5.4) and arterial resistance
(Ra; Eq. 5.3) can be found in Chapter 5.

Pma(t) = ϕco(t)×Rtp(t) (C.1)

ϕco(t) = ϕvr(t) (C.2)

ϕvr(t) =
Pmf (t)− Pra

Rvr(t)
(C.3)

Pmf (t) =
7.4360

SFV

× Vb(t)− 30.18 (C.4)
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Rvr(t) =
SFR × 8Rbv +Ra(t)

31
(C.5)

C.2 Renal hemodynamics

As outlined in Chapter 5, both renal blood flow ϕRBF and the glomerular filtration rate
ϕGFR are assumed constant. From these now parameters, we compute the renal plasma
flow ϕRPF and the filtered sodium load ϕfilsod, respectively.

ϕRPF = ϕRBF × (1−Hct) (C.6)

ϕfilsod(t) = WK × ϕGFR × [Na+]circ(t) (C.7)

C.3 Renal fluid handling

All equations related to renal sodium handling (Eqs. 5.5 – 5.19) are provided in Chapter 5.
The equations governing renal fluid handling are detailed below.

ϕpt−wreab(t) = WK × ϕGFR × ηpt−wreab(t) (C.8)

ϕmd−u(t) = WK × ϕGFR − ϕpt−wreab(t) (C.9)

ϕdt−wreab(t) = ϕmd−u(t)× ηdt−wreab(t) (C.10)

ϕdt−u(t) = ϕmd−u(t)− ϕdt−wreab(t) (C.11)

ϕcd−wreab(t) = ϕdt−u(t)× ηcd−wreab(t) (C.12)

ϕu(t) = ϕdt−u(t)− ϕcd−wreab(t) (C.13)
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ϕL(t) = 0.02× (ϕpt−wreab(t) + ϕdt−wreab(t) + ϕcd−wreab(t)) (C.14)

ϕPv(t) = ϕGFR − ϕu(t) (C.15)

ηpt−wreab(t) = ηeqpt−wreab × µpt−sodreab(t) (C.16)

ηdt−wreab(t) = ηeqdt−wreab × µdt−sodreab(t) (C.17)

ηcd−wreab(t) = ηeqcd−wreab × µcd−sodreab(t) (C.18)

µpt−sodreab(t) = 0.12 tanh

(
10

(
ηpt−sodreab(t)

ηeqpt−sodreab

− 1

))
+ 1 (C.19)

µdt−sodreab(t) = 0.12 tanh

(
10

(
ηdt−sodreab(t)

ηeqdt−sodreab

− 1

))
+ 1 (C.20)

µcd−sodreab(t) = 0.12 tanh

(
10

(
ηcd−sodreab(t)

ηeqcd−sodreab

− 1

))
+ 1 (C.21)

C.4 Renin-angiotensin systems

All equations relating to the intrarenal and systemic RASs are provided in Appendix A.
The aldosterone release model is described below. NALD and [ALD]circ represent the
normalized and un-normalized circulating aldosterone concentrations, respectively.

dNALD

dt
(t) =

1

τALD

(
ξk/sod(t)× ξMAP (t)× ξAT1R(t)−NALD(t)

)
(C.22)

[ALD]circ(t) = [ALD]eqcirc ×NALD (C.23)
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ξk/sod([Na
+]circ(t)) =

ξak/sod

1 + exp
(
ξbk/sod

(
[K+]circ/[Na+]circ(t) − ξck/sod

)) (C.24)

ξmap(Pma(t)) =

{
ξamap exp(−ξbmapPma(t)) if Pma ≤ 100

1 if Pma > 100
(C.25)

ξAT1R(Rcirc(t)) = ξaAT1R +
ξbAT1R

1 + exp(ξcAT1R

(
Rcirc(t)− ξdAT1R

) (C.26)

C.5 Miscellaneous

The equations governing extracellular fluid volume (Vecf ), blood volume (VB), plasma vol-
ume (Vcirc), total amount of sodium (MNa+), and plasma sodium concentration([Na+]circ)
are detailed below. As in [1], we compute the initial (and steady state) blood volume Vb(0)
from total body weight Wb.

dVecf
dt

(t) = ϕwin − ϕu(t) (C.27)

Vb(t) = SFV ×

(
V a
b +

V b
b

1 + exp(−V c
b

(
Vecf (t)/SFV − V d

b

)) , (C.28)

Vb(0) = 0.06×Wb + 0.77

Vcirc(t) = Vb(t)× (1−Hct) (C.29)

dMNa+

dt
(t) = ϕsodin − ϕu−sod(t) (C.30)

[Na+]circ(t) =
MNa+(t)

Vecf (t)
(C.31)
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Symbol Description Value Unit

Cardiovascular Function

Pra Right atrial pressure 0 mmHg

Rba Arterial resistance 1.03 mmHg
mL/minRbv Basic venous resistance 0.210

τOXST Time constant for the oxidative stress intermediate 9.86 days

Renal Hemodynamics

ϕRBF Renal blood flow 13.4 mL/min
g kidneyϕGFR Glomerular filtration rate 2.02

Renal sodium handling

pt

γbhyp Effect of perfusion pressure
3 −

γdhyp 0.8 −
γaAT1R Effect of Ang II

0.025 −
γbAT1R 1.8 −

dt

ψa
ALD

Effect of aldosterone

11.55 −
ψb
ALD 0.1 −

ψc
ALD 00081 L

ng ALD

ψd
ALD 10.5 −

ψa
AT1R Effect of Ang II

0.234 −
ψb
AT1R 0.1 −

cd

λadt

Effect of dt sodium outflow

0.8 −
λbdt 0.275 −
λcdt 2.314 µeq

meq

λddt 53.5 mL
min
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Renin-angiotensin-aldosterone systems

Aldosterone

τALD Time constant for aldosterone secretion 60 min

Intrarenal Positive Feedback

KAGT
circ Strength of feedback on hepatic AGT production 562.5

fmol/mL
min

KACE
circ Strength of feedback on ACE activity 3.9

KAT1R
Pt Strength of feedback on peritubular AT1R production 0.620

KAT1R
Tb Effect of AT1R-bound Ang II on tubular AT1R production 0.0575

AT1R∗
T Whole kidney AT1R 1316 fmol

Ang II Infusion

ka Rate of Ang II reabsorption from the subcutaneous tissue 1.44e-4 /min

F Ang II bio-availability 0.056

Miscellaneous

Wb Body weight 284 g

WK Kidney weight 1.49 g

WK/b Kidney-to-body weight ratio 5.23 mg
g

Hct Hematocrit 0.42 −
ϕwin Water intake 0.0372 mL

min

ϕsodin Na+ intake 3.03 µeq
min

[K+] Plasma K+ concentration 5 µeq
mL

SFS Human to Sprague Dawley rat sodium flow scaling factor 24.0 µeq
meq

SFU Human to Sprague Dawley rat urine flow scaling factor 37.2 mL
L

SFV Human to Sprague Dawley rat volume scaling factor 3.56 mL
L

SFR Human to Sprague Dawley rat resistance scaling factor 0.0618 L
mL

Table C.1: Long-term blood pressure regulation model parameters. Unlisted intrarenal
and systemic RAS parameters can be found in Tables 2.2, 2.3, and 3.2.
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Symbol Description Value Unit

Cardiovascular Function

Pmf Mean filing pressure 7.28

mmHgPma Mean arterial pressure 103

ϕvr Venous return 83.3 mL
minϕco Venous return 83.3

Ra Arterial resistance 1.03

mmHg
mL/min

Rvr Resistance to venous return 0.0874

Rtp Total peripheral resistance 1.24

ϵOXST Effect of oxidative stress on vascular resistance 1

Renal sodium and fluid handling

Sodium

ϕfilsod Filtered sodium load 432

µeq
min

ϕpt−sodreab pt sodium reabsorption rate 346

ϕmd−sod Macula densa sodium flow 86.5

ϕdt−sodreab dt sodium reabsorption rate 43.2

ϕdt−sod dt sodium flow 43.2

ϕcd−sodreab cd sodium reabsorption rate 40.2

ϕu−sod Urine sodium flow 3.03

ηpt−sodreab Fractional pt sodium reabsorption 0.80

−ηdt−sodreab Fractional dt sodium reabsorption 0.50

ηcd−sodreab Fractional cd sodium reabsorption 0.93

γhyp Effect of perfusion pressure on pt reabsorption 1

−

γAT1R Effect of Ang II on pt reabsorption 1

ψALD Effect of aldosterone on dt reabsorption 1

ψAT1R Effect of Ang II on dt reabsorption 1

λdt Effect of dt sodium outflow on cd reabsorption 1

Water

ϕpt−wreab pt water reabsorption rate 2.59
mL
min

ϕmd−u Macula densa flow 0.422

ϕdt−wreab dt water reabsorption rate 0.253
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ϕdt−u dt flow 0.169

mL
min

ϕcd−wreab cd water reabsorption rate 0.132

ϕu Urine flow 0.0372

ϕPv Flow from peritubular interstitium to renal vasculature 2.0

ϕL Renal lymphatic flow rate 0.04

ηpt−wreab Fractional pt water reabsorption 0.86

−ηdt−wreab Fractional dt water reabsorption 0.60

ηcd−wreab Fractional cdwater reabsorption 0.78

µpt−sodreab Effect of osmotic gradient on pt water reabsorption 1

−µdt−sodreab Effect of osmotic gradient on dt water reabsorption 1

µcd−sodreab Effect of osmotic gradient on cd water reabsorption 1

Renin-angiotensin-aldosterone systems

NALD Normalized aldosterone concentration 1

[ALD] Aldosterone concentration 387 ng
L

Miscellaneous

Vecf Extracellular fluid volume 54.2

mLVb Blood volume 17.9

Vcirc Plasma volume 10.4

Msod Total amount of sodium 7761 µeq

[Na+] Plasma sodium concentration 143 µeq
mL

Table C.2: Long-term blood pressure regulation model steady state variable values. Un-
listed intrarenal and systemic RAS variable values can be found in Table 2.5.
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Glossary

Afferent arterioles Blood vessels that supply blood to the glomerulus. 3

Aldosterone Hormone released by the adrenal glands that stimulates sodium reabsorp-
tion in the distal tubule and collecting duct of the nephron. It’s secretion is increased
by Ang II binding to AT1Rs. 7

Ang II infusion Protocol used to induce hypertension in pre-clinical models, relying on
the constant administration of Ang II intravenously or subcutaneously. 14, 35, 148

Ang II-induced hypertension Hypertension induced by Ang II infusion. 8, 35

Chymase Enzyme that mediates the production of Ang II from Ang I in an ACE-
independent manner. 5, 24, 29

Efferent arterioles Blood vessels that take what remains of the blood after filtration
away from the glomerulus. 3

Endocytosis Cellular internalization process by which substances are brought into the
cell by way of membrane invagination and the formation of an endosome. 20, 29

EXP3174 The bio-active product of Losartan. xii, 12, 59, 61, 75

Feedback parameters Model parameters that impact the system only when it is per-
turbed from this steady state. 43

Filtrate Fluid within the renal tubule that has been filtered by the nephron. 3

Glomerular compartment Compartment of the intrarenal RAS model that comprises
the mesangial matrix and extra-glomerular fluid (extracellular region) as well as
mesangial cells (intracellular compartment). Abbreviation: Gl. 15, 28
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Glomerular filtration rate Volume of plasma filtered by the glomerular capillaries per
unit time 4, 7, 27, 28

Glomerulus Tightly interconnected cluster of capillaries within the nephron responsible
for filtering the incoming blood. 3, 4, 20

Interstitial space Extracellular matrix and interstitial fluid of the renal interstitial space.
Forms the extracellular region of the glomerular and peritubular compartments of
the intrarenal RAS model. 3, 15, 19–21, 24, 27–29, 41, 61, 90, 150, 151

Juxtaglomerular apparatus Structure adjacent to the glomerulus that secretes renin
into the circulation. 4, 23, 54, 66

Losartan An ARB used to treat hypertension. xii, 8, 11, 12, 14, 55, 59–61, 71, 72, 75,
109, 148

Luminal fluid Fluid filtered into the tubules of the nephron that lies inside the tubular
lumen. Forms the extracellular region of the tubular compartment of the intrarenal
RAS model. 3, 15, 19, 27–29, 32, 36, 41

Macula densa Area of specialized sodium-sensing cells that line the beginning of the
distal tubule adjacent to the glomerulus. 87

Megalin Large endocytic receptor on the apical membrane of proximal tubular epithelial
cells that aids in the reabsorption of proteins from the luminal fluid. 15, 20, 29, 32

Mesangial cells The cells comprising the space between the glomerular capillaries (the
mesangium). 3, 15, 27, 28

Mesangial matrix The extracellular matrix of the space between the glomerular capil-
laries (the mesangium). 3, 15, 28

Nephron Functional unit of the kidney. iv, 3

Peritubular capillaries Capillary network that supplies renal cells with the oxygen and
nutrients they need to survive while facilitating the reabsorption and secretion of
substances between the blood and the renal tubules. 3
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Peritubular compartment Compartment of the intrarenal RAS model that comprises
the peritubular interstitial space (extracellular region) and basolaterally-derived molec-
ular structures of tubular epithelial cells (intracellular region). Abbreviation: Pt. 15

Pressure natriuresis Predominant mechanism by which the kidney regulates blood pres-
sure, whereby increases in renal perfusion pressure result in greater sodium, and
therefore fluid excretion. 4, 81, 86

Reabsorption Process of solutes or volume being removed from the filtrate to re-enter
the circulation via the peritubular capillaries. 3

Renal blood flow Volume of blood (including cells) delivered to the kidneys per unit
time 3

Renal corpuscle Blood-filtering component of the nephron. Contains the glomerulus
and Bowman’s capsule. 3

Renal plasma flow Volume of plasma delivered to the kidneys per unit time 19, 21, 27,
28, 61

Renal tubule Component of the nephron responsible for fine-tuning the filtrate via re-
absorption and secretion of solutes and fluid. 3

Renin First enzyme involved in the RAS enzymatic cascade, responsible for cleaving AGT
into Ang I. 4, 39

Secretion Process of solutes being added to the filtrate from the peritubular capillaries.
3

Transcytosis Type of transcellular transport where the macromolecule (eg. peptide) is
transported across the interior of a cell. 20

Tubular compartment Compartment of the intrarenal RAS model that comprises the
luminal fluid (extracellular region) and apically-derived molecular structures of tubu-
lar epithelial cells (intracellular region). Abbreviation: Tb. 15, 149

Tubular epithelial cells Epithelial cells that line the nephron. Their apical membrane
faces the luminal fluid (tubular lumen) and their basolateral membrane faces the
interstitium. 3, 15, 19, 27, 28, 30, 36, 52, 149–151
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Tubular epithelium Single layer of tubular epithelial cells that lines the nephron and
separates the luminal fluid from the interstitial space. 20, 29, 32

Vasculature compartment Compartment of the intrarenal RAS model that comprises
the lymphatic vasculature and the post-glomerular blood vasculature. Abbreviation:
Pv. 15, 18, 28
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