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Abstract

The classical model of the collecting duct (CD) defines two functionally distinct
epithelial cell types - principal cells (PC) and intercalated cells (IC). A third,
intermediate cell type, which expresses both PC and IC markers, has also
been described in the literature but its exact role is yet to be determined.
Plasticity within the CD has also been noted, both in vivo and in mCCDcl1 cells
leading to questions regarding the origin of these cells and the mechanism
underlying their differentiation.

This work details the investigation of the intermediate cell type in the mCCDcl1
and mpkCCDcl4 cell lines. Using immunocytochemistry, RT-PCR and scRNASeq, both cell lines were determined to widely express classical PC, IC and
recently identified intermediate cell markers. Heterogeneity of mpkCCDcl4 cell
populations was sustained through single cell cloning indicating plasticity
within the cell line. In line with previous work on the mCCDcl1 cell line, it is
concluded that the mpkCCDcl4 cells is heterogenous and not a PC cell line as
once thought. As these cell lines mirror what is observed in vivo, this suggests
that the mCCDcl1 and mpkCCDcl4 cell lines are appropriate for studying CD
cellular composition and plasticity, in particular the intermediate cell type that
is still poorly understood.

Despite this, functional differences were noted in the mCCDcl1 and mpkCCDcl4
cells lines in terms of sodium transport, with scRNA-Seq data leading to the
hypothesis that up- and down-regulation of certain genes upstream of the
epithelial sodium channel (ENaC) and those related to intracellular cholesterol
storage, may be in part, be responsible.

Understanding the mechanisms of plasticity within the CD will improve
understanding of the kidney both under physiological and pathophysiological

conditions. This work reports on one such condition where CD plasticity is
observed – in mouse and rat models of the syndrome of apparent
mineralocorticoid excess (SAME), conferred by an HSD11B2 knockout. A shift
in cell fate from PC to intermediate cell was observed in knockout animals
which was not recovered at maturity. Similar studies in mice on a high salt diet
and under the ACTH-induced model of Cushing’s syndrome displayed no
alteration in cell type composition. The results in the SAME study indicate the
importance of cell plasticity activation under certain genetic diseases and pose
further questions about the role and function of the intermediate cell type.

Lay Summary

The kidney plays a vital role in regulating blood pressure. On average, the
kidneys filter the total blood volume (on average 5L) over 35 times a day equivalent to filtering 180 litres a day. Evidently, a greater volume is filtered
than is excreted as urine and as such, selective reabsorption back into the
bloodstream is vital to maintain blood volume and electrolyte balance.

The filtration process occurs along the nephron, the functional unit of the
kidney. Each adult kidney contains around 1 million nephrons. Nephrons are
specialised tubules that filter out water and solutes such as Na+, K+ and
glucose from the blood but also allow selective reabsorption of these
molecules back into the bloodstream.

The nephron is segmented into different regions that specialise in the
reabsorption of different molecules and are controlled by varying factors such
as hormones, blood electrolyte levels and even flow-sensitivity. The final
region is called the collecting duct (CD) and although this region is only
responsible for around 4-5% of total sodium and 10% of total water
reabsorption in the kidney, it represents the final opportunity for the nephron
to reabsorb solutes and water before they are excreted as urine.

The CD was thought to be lined by 2 functionally distinct cell types but the
discovery of an intermediate cell type with the hallmarks of both the original
cell types has raised questions as to the identity and function of this cell.
Furthermore, the cells of the CD have been shown to change under different
conditions, including certain genetic diseases, such as the syndrome of
apparent mineralocorticoid excess, as shown in this work. As such, a cell
culture model for studying the identity and dynamics of the CD epithelial cells
is needed. This work proposes the use of two specific cell lines as appropriate
models for studying the CD.
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1. Introduction

1.1.

Thesis overview

The kidney plays a vital role in blood pressure (BP) regulation via coordinating
actions of water, sodium and potassium reabsorption and secretion and
acid/base balance. Transport of these solutes is facilitated by the polarized
epithelia of the nephron, forming a selective barrier between the ultrafiltrate
and the renal capillary network.

The final region of the nephron, the collecting duct (CD) is responsible for
around 4-5% of total sodium and 10% of total water reabsorption in the kidney.
Although proportionally it does not provide a large contribution to reabsorption,
it represents the final opportunity for the nephron to fine tune the ultrafiltrate
before it is excreted.

The CD epithelium is comprised of two functionally distinct cell types, principal
cells (PC) and intercalated cells (IC), that are distributed in a ‘salt and pepper’
pattern. A degree of plasticity has been reported in the epithelial cells of the
CD in vivo. These observations, noted even in mature kidneys, have led to
questions over the origin of these cells and the mechanism underlying their
differentiation. Although Notch signalling has been implicated in the
differentiation between PC and IC cells, there is not yet clear consensus on
the complete signalling pathway that leads to these two cell types and their
apparent plasticity.

PC cells can be studied using the mCCDcl1 self-immortalised mouse cell line,
that has been found recently to be a mixed PC and IC population with
progenitor cell characteristics. This study reports for the first time that the
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heterogeneity observed in the mCCDcl1 cell line is not simply a feature of this
cell line, but a feature of the mpkCCDcl4 cell line also, and in line with similar
observations in vivo, potentially of all CD derived epithelial cell lines. The
presented findings suggest that the mpkCCDcl4 cell line can be used alongside
the mCCDcl1 cell line to study the role of the Notch signalling pathway in CD
cell differentiation and plasticity. Furthermore, we report a shift in CD
composition and morphology in the mouse and rat models of the syndrome of
apparent mineralocorticoid excess (SAME) that suggests that the plasticity
noted in the CD, both in vivo and in CD derived cell lines, is activated under
certain diseases. These findings suggest that renal diseases and certain
physiological conditions that influence the activity of the CD should be
investigated further in terms of their influence on CD cellular composition.

1.2.

Kidney function and anatomy

1.2.1. Kidney function

The kidneys’ main function is to filter circulating blood. In doing so, the kidneys
maintain extracellular fluid volume, fluid osmolality, acid-base balance and BP.
Blood is supplied to the kidneys via the renal artery (Figure 1.1.) and so begins
the filtration process that ultimately leads to the excretion of urine from the
ureter. On average, the kidneys filter the total blood volume 60 times a dayequivalent to filtering 180 litres a day. Evidently, a greater volume is filtered
than is excreted as urine and as such, reabsorption back into the bloodstream
is vital to maintain homeostasis. To do so, a complex filtration process is
facilitated by specialised tubules in the kidney called nephrons. Nephrons filter
out water and solutes such as Na+, K+ and glucose from the blood but also
allow selective reabsorption of these molecules back into the bloodstream.
Waste products such as uric acid are also excreted by the nephron.
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Figure 1.1. Location and major macroscopic features of the kidneys.

BP is linked to total blood volume and is tightly regulated by renal processes
such as the renin-angiotensin-aldosterone system (RAAS). Stimulation of
RAAS sets off a sequence of events, beginning with the secretion of renin, that
ultimately leads to increased Na+ and water reabsorption from the filtrate
passing through the kidney.

Dysregulation of BP can have serious consequences and high BP, or
hypertension, poses an enormous burden on healthcare with almost a quarter
of the world’s population estimated to be clinically hypertensive1. High BP
increases the risk of a number of cardiovascular outcomes such as stroke,
heart failure and ischaemic heart disease. It also increases the risk of specific
renal complications such as chronic kidney disease. The majority of
hypertension cases can be managed with changes to diet and lifestyle, but this
is not the case for all patients and sometimes medication is required.

Hypertension affects around 1/3 of adults in the UK with the large majority of
cases being classified as primary hypertension (of no definable aetiology)
rather than secondary (specific aetiology known). The poorly understood
pathophysiology of hypertension has been aided by the study of rare
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Mendelian hypertensive disorders such as the syndrome of apparent
mineralocorticoid excess (SAME), which has allowed the identification of key
factors in BP homeostasis2–4. Most monogenic mutations known to cause
hypertension or hypotension in humans affect electrolyte transport in the
aldosterone sensitive distal nephron with salt homeostasis being common to
almost all cases.

This thesis will focus on the final segment of the aldosterone sensitive distal
nephron, the collecting duct, which is a key regulator of Na+ and water
reabsorption, and consequently, BP. Transport in this region is tightly
controlled by the hormones aldosterone and vasopressin.

1.2.2. Anatomy
1.2.2.1.

Overview

Each human adult kidney contains around 1 million nephrons which traverse
between the renal cortex and medulla finally draining into the renal pelvis and
ureter via the collecting duct5. Each nephron can be broadly separated into 5
regions based on cell type and physiological function – the renal corpuscle,
proximal tubule, loop of Henle, distal convoluted tubule and the collecting duct
as illustrated in Figure 1.2.
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Figure 1.2. Location and segmentation of the renal nephron. Distinct regions
labelled are based on tubule morphology, cell type and function. Segmentation
is simplified here and will be discussed further in the text.

The nephron begins in the renal cortex with the glomerulus and Bowman’s
capsule, the initial sites of plasma filtration, followed by the proximal tubule.
The tubule then descends linearly towards the medulla forming the loop of
Henle which returns to the cortex by the thick ascending limb. The proceeding
segment, the distal convoluted tubule remains in the cortex and joins with other
distal convoluted tubules to form the collecting duct. This looping architecture
allows crosstalk between different regions of the nephron. For example, the
macula densa cells, found at the distal end of the thick ascending limb,
feedback to the neighbouring glomerulus depending on NaCl concentrations,
directly influencing glomerular filtration rate and renin secretion in the afferent
arteriole from downstream in the nephron.

The nephron is lined by polarized epithelial cells that coordinate transcellular
transport via apical and basolateral membrane channels. (Figure 1.3.)
Paracellular transport is also observed in the proximal nephron but later
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regions such as the collecting duct are tightly regulated, and reabsorption is
isolated to transcellular pathways only. The differential expression pattern of
tight junction integral membrane proteins along the nephron contribute to an
almost 100 fold difference in permeability between the proximal tubule and the
CD.6,7 This variation along the nephron extends not only to the volume of
reabsorption but also to the types of molecules transported. For example,
specific regions are permeable to water and impermeable to Na+ such as the
thin descending limb and vice versa in the proceeding thin ascending limb. An
overview of these differences in reabsorption are illustrated in Figure 1.3. and
discussed in more detail in subsequent sections.

(a)

(b)
Tight junctions

Tight Junctions

Basolateral
membrane
Apical
membrane

Lumen

‘Leaky’ Junctions

Paracellular
transport
Transcellular
transport

Figure 1.3. (a) Cross-section illustration of the nephron tubule showing
polarised epithelia of the nephron. Tight junctions between cells aid the
formation of distinct apical and basolateral membranes that express the
channels required for transcellular transport. (b) Diagram of the nephron
indicating direction of filtrate flow and specialised reabsorption along the
nephron segments
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1.2.2.2.

Nephron segmentation

At the head of the nephron is the renal corpuscle which is located in the cortex
and is composed of the glomerulus and Bowman’s capsule. The glomerulus
connects the afferent and efferent arterioles via a network of capillaries that sit
within Bowman’s capsule. Bowman’s capsule selectively allows transport of
water, ions and small molecules from the capillaries and blocks blood cells,
large molecules and negatively charged proteins from entry into the nephron
tubule. This process marks the beginning of the plasma ultrafiltration process
along the nephron, ultimately leading to the excretion of urine.

Glomerular filtration rate is influenced by a number of mechanisms in this
region including the contraction of interglomerular mesangial cells, which
alters the surface area available for plasma filtration. Another important
specialised cell in this region is the juxtaglomerular (JG) cell, which secretes
renin. JG cells are located around the afferent arteriole and play a key role in
regulating BP via the renin-angiotensin-aldosterone system (RAAS).

Next is the proximal tubule (PT). The PT is highly permeable to water and is
responsible for reabsorption of approximately two thirds of water, Na+ and Clfrom the glomerular filtrate. Transport is passive via both transcellular and
paracellular pathways, the latter due to the permeability of tight junctions in
this region. This region is also responsible for the majority of K+, amino acid,
glucose and bicarbonate reabsorption along the nephron. The key to the
reabsorption of all of these solutes is the basolateral Na+/K+-ATPase channel.
The epithelial cells of the PT also release waste products and xenobiotics into
the tubule alongside xenobiotic metabolising enzymes8.

The PT is lined with distinctive brush border epithelial cells that significantly
increase the apical surface area available for transport. These cells are
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mitochondria rich and exhibit basolateral membranes with numerous
invaginations.

The PT itself can be divided into two regions – first, convoluted followed by a
straight region. As the PT straightens, this region, the thick descending limb,
marks the beginning of the loop of Henle (LoH). The LoH forms a hairpin
configuration with the following regions: the thick descending limb, the thin
descending limb, thin ascending limb and the thick ascending limb (TAL). Each
section differs slightly in morphology and function. The thin descending limb is
permeable to water but not solutes such as urea and Na+, thus increasing
filtrate osmolality in this region. Conversely, the thin ascending limb is
impermeable to water but allows reabsorption of solutes such as urea, Na+ and
Cl-, decreasing filtrate osmolality. In these regions, transport is facilitated by
passive diffusion and driven by differences in osmolality between the limbs, in
a mechanism called counter current multiplication9. Both the thin descending
and ascending limbs contain few mitochondria and exhibit poorly developed
membrane surfaces.

The epithelial cells of the TAL differ from the preceding limbs in morphology;
these cells exhibit numerous mitochondria and basolateral membrane folds.
The TAL exhibits low water permeability but contributes to the reabsorption of
Na+, Cl- and other ionic solutes via active transport. The key transport channel
expressed apically is the sodium-potassium-chloride co-transporter 2
(NKCC2) channel10. Reabsorption is also regulated by counter current
multiplication in the TAL but Na+ and Cl- reabsorption is further stimulated by
the anti-diuretic hormone, vasopressin via NKCC211.

At the distal end of the TAL, before the distal convoluted tubule, the nephron
redirects itself towards the parental glomerulus. In this short region, the tubule
is lined with macula densa epithelial cells that are closely packed and
morphologically distinct from their neighbours. Macula densa cells are
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responsive to filtrate Na+ concentration and facilitate crosstalk between this
region and the parental glomerulus; decreased Na+ concentrations in the
filtrate prompt a feedback loop from the macula densa cells to the glomerulus
leading to vasodilation of the afferent arteriole and stimulation of renin
secretion from the JG cells.

Following the TAL is the DCT which is a short segment of the nephron that is
lined by distinctive mitochondria-rich epithelial cells. The basolateral
membrane of these cells exhibit numerous deep invaginations that increase
the surface area of the basolateral membrane relative to the apical membrane
- by up to a factor of 2 in the rat and rabbit DCT12. This feature, along with the
high mitochondrial density contribute to the high Na+/K+-ATPase activity in this
region13. The lateral processes of the basolateral membrane influence the
location of the nucleus, pushing nuclei close to the apical membrane which is
characterised by the presence of short microvilli.

The DCT epithelia are impermeable to water, and instead facilitate transport
of Na+, K+, Mg2+ and Ca2+. These transport processes are regulated by a
number of factors, including dietary Na+ and K+ intake, angiotensin II,
aldosterone and the sympathetic nervous system14.

1.2.2.3.

Collecting duct

The collecting duct is joined to the DCT by a transitional segment called the
connecting tubule. This transitional segment exhibits features of both the
preceding and following segments and plays an important role in Na+ and K+
homeostasis15.

The collecting duct (CD) itself begins in the cortex, whereafter it descends
linearly towards the medulla, before fusing with other CDs in the inner
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medullary region. Although the CD is responsible for only a small proportion of
water and solute reabsorption from the filtrate compared to other regions,
transport is tightly controlled in this region by hormones such as vasopressin
and aldosterone. The expression of a range of tight junction membrane
proteins result in a ‘tight’ epithelium that facilitates selective transcellular
transport by increasing barrier function and membrane differentiation.

The CD also plays a key role in acid/base balance. The CD represents the last
opportunity for the kidney to reabsorb or excrete water and solutes before the
ultrafiltrate is passed to the renal pelvis and ureter.

Two epithelial cell types are present in the CD, principal cells and intercalated
cells, although subtypes of these have also been described. Broadly speaking,
principal cells are involved in the reabsorption of water and Na+, whilst
intercalated cells regulate acid/base balance, although crosstalk between the
cells aids the functions of the other cell type.

The collecting duct epithelia shall be the focus of this thesis and as such will
be discussed in greater detail in following sections.

1.3.

Cortical collecting duct epithelial cells

1.3.1. Overview

Transcellular transport in the CD is tightly regulated by a number of factors
including hormones, paracrine and autocrine factors, and is facilitated through
the expression of highly specific membrane channels. The polarized epithelial
cells lining the cortical collecting duct form a mosaic pattern of two distinct cell
types – principal (PC) and intercalated cells (IC.) The PCs and ICs differ in
gross morphology and gene expression, which explains the observed variance
in function; PCs regulate water and salt reabsorption predominantly via
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epithelial Na+ channels (ENaCs), the renal outer medullary K+ channel
(ROMK) and Aquaporin 2 (Aqp2) water channel whilst ICs maintain pH by
coordinated action of the proton pump H+-ATPase and Cl-:HCO3- exchangers.

This simplified two cell model of the CD is not complete, since subsets of cell
types within ICs have been studied extensively16–19. Furthermore, hybrid cell
types that express PC and IC markers have also been reported20–24.

1.3.2. Cell origin

The epithelial cells of the collecting duct differ in their origin from other cells
within the kidney. The collecting duct and ureter derive from the ureteric bud
(UB), whilst all of other renal components, including the renal tubular segments
discussed above, develop from the metanephric mesenchyme (MM) as shown
in Figure 1.4. For this reason, the collecting duct system is sometimes
excluded from the definition of the nephron.

Figure 1.4. Illustration showing the origin of the renal compartments from the
embryonic kidney. MM= metanephric mesenchyme, UB= ureteric bud.
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Despite the differing origins of the renal components there is significant
interaction between them as they develop simultaneously. As the UB grows, it
moves towards the MM, stimulated by release of glial-cell-line-derived
neurotrophic factor from the MM.25 The UB branches dichotomously as it nears
the MM, supported by a subset of MM cells that form the cap mesenchyme,
forming the collecting ducts that are seen in the mature kidney26.

1.3.3. Cell morphology

In terms of morphological differences, PCs display primary cilia at the apical
membrane whilst ICs instead exhibit a dense layer of microvilli (Figure 1.5.).
The primary cilia of PCs protrude 5-6 𝜇m into the lumen and act as sensory
organelles regulating the release of ATP via chemical and mechanical stimuli
which in turn regulate Ca2+ levels in the cell27. These sensors are extremely
sensitive to sheer stress and cilia abnormalities are linked to autosomal
recessive polycystic kidney disease which causes cyst formation, scarring and
can lead to kidney and liver failure28.

The distinct lack of cilia in ICs compared with surrounding PC neighbours is
similar to other acid secreting cells found in the turtle bladder and frog skin29,30.
These cells also exist in a similar ‘salt and pepper’ distribution with
neighbouring cells and participate in urinary acid secretion and bicarbonate
reabsorption and secretion, like ICs.

An additional difference between PCs and ICs is the location of mitochondria
within the cell. Mitochondria are highly concentrated in the apical cytoplasm of
ICs compared with in PCs, where mitochondria localise in fewer numbers
around the basolateral membrane, as is seen in other tubular cells31.

Morphological differences also exist within the IC subtypes, of which there are
broadly speaking 2; 𝛼-ICs and 𝛽-ICs. The apical membrane of 𝛼-ICs which
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protrudes into the lumen presents numerous folds and extensive microvilli
coverage which are not present in significant numbers in 𝛽-ICs. 𝛼-ICs are also
taller with larger membranes that protrude further in the lumen compared with
flatter 𝛽-ICs19,32. Furthermore, 𝛼-ICs undergo apical endocytosis, whilst 𝛽-ICs
do not33.

Figure 1.5. Illustration of the key morphological differences between PCs, 𝛼ICs and 𝛽-ICs.

1.3.4. Transport channel expression and function
1.3.4.1.

Principal Cells

The most abundant cell type in the CD, the PC, is responsible for transcellular
water and Na+ transport facilitated by its defining membrane channels, Aqp2
and ENaC, respectively. K+ is also transported through PCs via a range of
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membrane channels. Further details on the function, location and regulatory
factors influencing these transport channels can be found in Figure 1.6. and
Table 1.1.

Figure 1.6. Diagram displaying key membrane transport proteins of the
collecting duct principal cell. Abbreviations of apical channels: Aqp2 Aquaporin 2, ENaC – epithelial Na+ channel, ROMK – renal outer medullary
K+ channel, KCC – K+/Cl- cotransporter, BK – large conductance maxipotassium channel Abbreviations of basolateral channels: Aqp 3/4 –
Aquaporin 3/4, Kir4.1/Kir5.1 - inwardly rectifying potassium channel 4.1/5.1 l
Purple basolateral channel represents Na+/ K+ ATPase.
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Function

Location

Regulation
Aldosterone34
Arginine vasopressin35

ENaC

Na+ transport

Apical

Atrial natriuretic peptide36
Insulin37
Endothelin38
Aldosterone39

Na+/ K+ -ATPase

Na+ transport

Basolateral Arginine vasopressin40
Insulin41
Plasma K+ 42

ROMK

K+ transport

Apical

Intracellular pH43
Insulin44

BK

K+ transport

Apical

Tubular flow45

KCC

K+ transport

Apical

Vasopressin

Kir4.1/Kir5.1

K+ transport

Basolateral Norepinephrine46
Arginine vasopressin47

Aqp2

H2O transport Apical

Angiotensin II48
Aldosterone49

Aqp3/4

H2O transport Basolateral

Arginine

vasopressin

(Aqp3 only)50

Table 1.1. Function, location and regulatory factors influencing the transport
channels of principal cells.

PCs facilitate electrogenic Na+ transport via coordination of the apical epithelial
Na+ channel (ENaC) and the basolateral Na+/K+-ATPase pump. Luminal Na+
that enters the PC through ENaC is actively transported via the basolateral
Na+/K+-ATPase pump out of the cell into the blood stream. The passage of
Na+ and K+ through the Na+/K+-ATPase channel facilitates the translocation of
a single net positive charge out of the cell, maintaining an electrochemical
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gradient across the cell that drives the electrogenic absorption of Na+ from the
luminal fluid. Although this process provides the driving force for Na+
reabsorption in the PC, the Na+/K+-ATPase channel is expressed in
abundance and has a high transport threshold. Instead, the key site of
regulation and rate limiting step in Na+ transport in PCs is the ENaC.
The ENaC is comprised of 3 subunits, 𝛼, 𝛽 and 𝛾 and is regulated by a number
of extrinsic and intrinsic factors such as hormones, mechanosensation,
proteolytic cleavage, phosphorylation, intracellular Na+

concentration,

amongst others that govern expression, intracellular trafficking and open
channel probability51,52. Despite the wide range of factors that influence ENaC,
the major controlling factors are hormones. The volume-regulatory hormones
aldosterone and arginine vasopressin (AVP) are the most important but other
hormones such as atrial natriuretic peptide (ANP), insulin and endothelin also
influence ENaC abundance or activity at the apical membrane34,35,37,38,53.
These hormones also influence the presence and activity of the Na+/K+ATPase pump at the basolateral membrane54, although the major target of
hormonal regulation is the ENaC.

Under normal conditions in the CD, physiological aldosterone concentrations
are thought to stimulate Na+ transport primarily through MR activated
responses55. Aldosterone enters the PC via the basolateral membrane by
diffusion whereupon it binds to the intracellular MR. Although aldosterone is
also a target for the intracellular GR, it has a much lower affinity for this
receptor, thus at low concentrations the majority of aldosterone-receptor
interaction is thought to be with the MR. The bound MR/ aldosterone complex
translocates to the nucleus resulting in a rapid increase in the expression of a
number of transcriptional factors, including serum- and glucocorticoidregulated kinase 1 (Sgk1) and glucocorticoid-induced leucine zipper 1
(GILZ1)56,57. Expression and activation of these transcription factors leads to
an increased number and activity of ENaC at the apical membrane52.
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As Figure 1.7. illustrates, aldosterone interaction with MR leads to an increase
in activated ENaC channel density at the apical membrane, facilitating an
increase in electrogenic Na+ transport. Aldosterone is not the only endogenous
agonist of MR. The mouse glucocorticoid, corticosterone, although an agonist
for the glucocorticoid receptor (GR), has an affinity to the MR equal to that of
aldosterone, although it is found at higher concentrations than aldosterone. In
the presence of 11bHSD2, corticosterone is converted to an inactive
metabolite, thereby allowing regulation of MR by physiological aldosterone. In
the case of 11bHSD2 deficiency, the higher concentrations of corticosterone
occupy both the MR and GR.

Figure 1.7. Illustration of the key cellular and extracellular components
involved in physiological Na+ transport in the CD. MR= mineralocorticoid
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receptor, GR= glucocorticoid receptor, ENaC = epithelial sodium channel,
ROMK = renal outer medullary K+ channel, ECM= extracellular matrix, SGK1
= serum glucocorticoid kinase 1.

Na+ and K+ transport in the PC are integrated, with increases in ENaC
mediated Na+ reabsorption increasing the driving force for K+ secretion through
the ROMK and BK channels, the latter being expressed in both PCs and ICs58.
The basolateral Na+/K+-ATPase pump actively transports K+ into the cell from
the blood. Diffusion of K+ from the cell into the lumen is then favoured as a
result of the high intracellular K+ concentration. This transport of K+ across the
cell to the lumen is facilitated by a number of different channels expressed on
the apical membrane. The predominant channel is the renal outer medullary
K+ channel (ROMK). ROMK expression is increased by high dietary K+ and
channel activity regulated by intracellular pH and insulin42–44. Two further K+
channels are expressed at the apical membrane- the Ca2+ stimulated large
conductance maxi-K+ (BK) and the vasopressin stimulated potassium chloride
transporter (KCC).

A K+ leak channel exists at the basolateral membrane - the inwardly rectifying
potassium

channel

4.1/5.1

(Kir4.1/5.1).

The

regulatory

mechanisms

influencing Kir4.1/5.1 in the PC are not well understood at this time59.

Alongside Na+ and K+ transport, an important function of the PC is water
reabsorption. This is driven by the tubule-interstitial osmotic gradient, allowing
passage of water into the cell via the apically expressed aquaporin 2 (Aqp2)
and out of the cell to the interstitium via aquaporin 3 and 4 (Aqp3, Aqp4)
expressed on the basolateral membrane. Aqp3 and Aqp4 are constitutively
expressed whereas the presence and activity of Aqp2 at the apical membrane
is tightly controlled by both short- and long-term mechanisms.
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The key regulator of Aqp2 is AVP which alters expression and trafficking of the
channel. AVP stimulates a cAMP signalling cascade, including increasing
intracellular Ca2+, leading to increased trafficking of Aqp2 from intracellular
storage vesicles to the apical membrane48,60,61. AVP also increases
phosphorylation of Aqp2, a crucial step in activation of the channel47.
Furthermore, AVP also acts to reduce internalisation and degradation of Aqp2,
although its positive effects on expression contribute more to Aqp2 activity
than the effects of reduced degradation. RAAS components, angiotensin II
and aldosterone are also known to increase Aqp2 abundance at the apical
membrane49,62.

1.3.4.2.

Intercalated cells

Urinary pH is regulated by the combined action of the two IC subtypes - 𝛼-ICs
and 𝛽-ICs. The characterisation of these two cell types is based on the
differential expression of proteins and morphology but simplistically they can
be separated into those that secrete acid (𝛼-ICs) or hydrogen carbonate (𝛽ICs). 𝛼-IC specific markers include basolateral AE1 (an alternatively spliced
red cell anion exchanger) and apical H+-ATPase whilst 𝛽-IC specific markers
include an apical anion exchanger called pendrin and basolateral H+-ATPase.
Further cell specific markers are noted in Table 1.2.

The distinct separation of the ICs into the two described subtypes has been
questioned by the reported presence of intermediate IC cell types expressing
apical V-ATPase but no AE163–65 and a bipolarized cell expressing both apical
and basolateral H+-ATPase66. Despite their identification, the function of these
cell types are unknown, but there are suggestions that this cell represents an
intermediate transition state between 𝛼-ICs and 𝛽-ICs. See Section 1.3.5. for
further detail on IC plasticity.
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The main IC subtype by proportion in the CD is the 𝛼-IC- the acid secreting
subtype. Acid secretion, or secretion of H+ equivalents, is facilitated by apically
expressed H+-ATPase and H+/K+-ATPase (Figure 1.8). H+-ATPase represents
the bulk of H+ transport channels at the apical membrane but is also found in
distinctive rod-shaped intracellular vesicles67. Multiple conditions induce
increases in H+-ATPase activity such as changes to transmembrane pH
difference and the presence of angiotensin II and aldosterone68–70. PC activity
is also able to induce changes in H+-ATPase activity in 𝛼-ICs. A lumen
negative transepithelial difference, which favours H+-ATPase activity in 𝛼-ICs
can be induced in the CD by the ENaC activity of neighbouring PCs71.

H+ secretion is coupled with bicarbonate secretion. Bicarbonate is exchanged
for Cl- via the basolateral Cl-:HCO3- exchanger, AE1 and apical electrogenic
Cl- transporter and Cl-/HCO3- exchanger, A11, or Slc26a1172.
K+ transport is also observed in 𝛼-ICs via the apically expressed H+/K+ATPase, whose activity is increased under metabolic acidosis73. Other K+
channels are observed in 𝛼-ICs such as apical BK (in greater abundance than
in PCs) and the basolateral NKCC174,75. A decrease in plasma K+ induces
morphological and functional changes in 𝛼-ICs, with increased luminal
membrane projections and increased H+-K+-ATPase and BK channel
activity74.
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Figure 1.8.

Diagram displaying key membrane transport proteins of the

collecting duct 𝛼-intercalated cell.

The presence of the chloride/ bicarbonate exchanger, pendrin, differentiates
𝛽-ICs from 𝛼-ICs, although it should be noted that pendrin is also expressed
in non- 𝛼, non- 𝛽-ICs. Pendrin is expressed apically and in intracellular vesicles
within 𝛽-ICs and acts to secrete bicarbonate into the lumen (see Figure 1.9)76.
Urinary Cl- excretion is the main regulator of pendrin expression although
aldosterone and angiotensin II also increase expression77,78, whilst acidosis
decreases expression79.

An additional chloride/ bicarbonate exchanger, NDCBE is found at the apical
membrane that in combination with pendrin facilitates thiazide-sensitive
electroneutral NaCl reabsorption80. This process is driven by the proton pump,
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H+-ATPase, which is expressed basolaterally, compared with the apical
location in 𝛼-ICs81.

The apical electrogenic Cl- transporter and Cl-/HCO3- exchanger, A11, or
Slc26a11 is also found in 𝛽-ICs and as in 𝛼-ICs the protein co-localises with
H+-ATPase, although on the basolateral membrane72.
𝛽-ICs do not participate in K+ transport.

Figure 1.9. Diagram displaying key membrane transport proteins of the
collecting duct 𝛽-intercalated cell.

22

Intercalated Cell Type
Protein

CAII

H+-ATPase

AE1

Pendrin
H+/K+
ATPase
AE4

Function

Catalyses
hydration of CO2
Proton pump
Cl-:HCO3-

𝜷-ICs

Apical

Cytoplasmic Cytoplasmic

Apical

Basolateral

Basolateral -

exchanger
Cl-:HCO3-

H+:K+ exchanger
Cl-:HCO3exchanger
driven

Intermediate

Apical

and

vesicular
-

Apical

Apical

Apical

-

-

-

Basolateral

-

-

Apical

-

Apical

-

-

Basolateral -

-

Apical

-

exchanger

Na+
NDCBE

𝜶-ICs

Cl-

:HCO3exchanger
Electrogenic

A11

transporter
Cl-:HCO3-

Cland

exchanger
NKCC1
BK channel
or Maxi-K

Na+/K+/2Clcotransporter
K+ secretion

-

Table 1.2. Proteins expressed by 𝛼-ICs, 𝛽-ICs and intermediate IC cell types.
Adapted from Roy 2015. 63
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1.3.4.3.

Crosstalk between principal and intercalated cells

PCs and ICs do not work in isolation from one another. ICs indirectly regulate
the sodium and water reabsorption of the PCs via mechanosensitive Connexin
30 (Cx30) hemichannels expressed at the IC apical membrane82. Cx30
stimulation produces ATP that inhibits the reabsorption of sodium and water
by the ENaC and Aqp2 channels of PCs via Ca2+ signalling. ATP production is
increased by higher flow rate and thus further controls the reabsorption by
PCs. 𝛼-ICs also indirectly modulate K+ levels in the filtrate after PC K+
secretion, by reabsorbing K+ via the apical H+/K+-ATPase.

1.3.5. Cell plasticity in the collecting duct
1.3.5.1.

Overview

Although terminal differentiation is thought to be the fate of most cells at
developmental maturity, discussions are increasing of a ‘plastic’ environment
in tissues once considered ‘stable’ such as the kidney83–86. New techniques
such as single cell RNA-sequencing (scRNASeq) and pseudo-time analysis of
scRNASeq allow further insight into the expression patterns and dynamics of
cellular environments. One organ where this is particularly pertinent is the
kidney. The mature kidney contains a number of cell types that display
plasticity such as the renin-producing cells around the afferent arteriole and
the collecting duct epithelia. These cells are of particular interest as the
transitions that the cells undergo are indicated in acute kidney injury (AKI) and
repair, under chronic injury and also in the maintenance of homeostasis23,87,88.

The umbrella term plasticity covers a range of possible definitions, which as
yet are not universally defined and accepted89.

For simplicity, the term

plasticity shall be used to describe transitions between cell types in this thesis,
such as PC to IC, and the specific classification of the sub-type of plasticity
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(e.g. trans-differentiation, dedifferentiation, trans-determination) shall not itself
be investigated.

1.3.5.2. Progenitor cell

As discussed earlier, PCs and ICs derive from the maturation of the ureteric
bud but the complete pathway by which the two cell types are determined is
yet to be fully elucidated. It is thought that PCs and ICs are derived from the
same progenitor cell, although the identity of this multipotent progenitor cell is
under debate22,90,91. Deletion of the transcription factor Foxi1 creates a hybrid
Aqp2+ / CAII+ cell type which is seen in the WT collecting duct at low levels
(3%) suggesting that this is the progenitor cell type that can give rise to either
PC or ICs22. It has also been suggested that an Aqp2+ progenitor cell could
differentiate to “locked” PC or “locked IC” or “plastic” PC that can then
differentiate further to become an IC92. Furthermore, induced inactivation of
the histone H3K79 methyltransferase, Dot1l in Aqp2 expressing cells does not
only cause inactivation in PCs but also in ICs, providing more evidence for PCs
and ICs sharing a common Aqp2+ progenitor cell.

The role of the transcription factor, p63, in the ureteric bud tip cells (UBTC),
has also been investigated in the development of ICs93. The results from this
study suggest that there is at least one subset of UBTC cells that are
predetermined to becoming IC cells. Interestingly it was found that p63 is only
expressed transiently – from before the expression of the first IC specific
markers to the completion of nephrogenesis and that knockout of p63 in the
UBTC led to a decrease in the number of IC cells.

1.3.5.3. Cell plasticity and the role of Notch signalling

Given the reported common cell lineage, it is not surprising that a degree of
plasticity between the two cell types is seen under certain conditions. Deletion

25

or inactivation of Dot1l, the E3 ubiquitin ligase Mib1 and ADAM10 all lead to a
large proportional increase of ICs over PCs90,91,94. Evidently these factors are
regulating the pathway that directs differentiation in the collecting duct
epithelia. Since Mib1 and Adam10 are regulators of the Notch signalling
pathway, acting as mediators of S2 cleavage of and endocytosis of Notch
ligands, respectively, it is thought that Notch is a regulator of PC/IC
differentiation.

The role of the Notch pathway has been investigated by transgenic
overexpression of the Notch intracellular domain (ICD) in mice, which caused
a reduction in PCs in favour of a complete IC population90. This Notch
mediated transition has been further confirmed by scRNASeq analysis88. The
authors also identified an intermediate cell type in the transition that clustered
independently of the classically defined PC and IC cell types. A greater
proportion of these transition cells were observed in disease states.

PC/IC cell plasticity is also noted in renal injury and repair following chronic
lithium treatment23. Chronic lithium treatment is associated with the
development of nephrogenic diabetes insipidus. The CDs of these kidneys
show an increased proportion of ICs at the detriment of PCs. This change in
CD cell composition can be reversed following cessation of lithium treatment,
further indicating that plasticity is not simply a feature of the developing kidney
but also possible in the mature kidney.

1.3.5.4. IC subtype plasticity

It should also be noted that a degree of plasticity within ICs exists.
Interconversion between the 𝛼-IC and 𝛽-IC subtypes has been described
under varying physiological and genetic conditions. Conversion of 𝛽-IC to 𝛼IC is induced by metabolic acidosis, high density seeding during culture and
culturing subpopulations of pure 𝛽-IC populations19,66,95–97. It was noted that
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the transition observed following high density seeding of ICs produced cells
resembling terminally differentiated columnar epithelial cells and induced the
production of cytoskeleton components, villin and cytokeratin 19, whilst low
density seeded cultured cells resembled early embryonic epithelial cells,
suggesting that 𝛽-ICs are perhaps a progenitor cell for the further differentiated
𝛼-ICs97. The opposite inversion of cell polarity, from 𝛼-IC to 𝛽-IC has also been
observed in models of metabolic alkalosis66,96.

The ECM protein hensin (human isoform: DMBT1) and the carbonic anhydrase
CAII have been implicated in the signalling process that facilitates the
conversion between IC subtypes19,64,98. Deletion of hensin not only causes
complete conversion of a mixed population of ICs to 𝛽-ICs but also leads to
embryonic death at the stage of the first columnar epithelium formation further
indicating

its

role

in

nephrogenesis

and

collecting

duct

epithelial

differentiation19.

1.4.

In vitro models of the collecting duct

1.4.1. Requirements of a collecting duct cell model

There is still much unknown about the CD and finding an appropriate model in
which to study it is vital. The use of cell lines provides in vitro models in which
studies can be carried out where inferences are isolated to the CD itself and
not global nephron effects. Ideally a cell culture model of the CD would present
all of the structural and functional features described in Section 1.3. but rarely
does a cell line function exactly in culture as its counterpart cells in vivo.
Another consideration is the cell types present in the cell line – be that PC only,
IC only or a mixed population of CD cells. Mammalian cell lines derived from
CD epithelia such as rCCD1 and M-1 have been defined as mixed PC and IC
models whilst a number of other lines have been used as PC only lines such
as mCCDcl1 and mpkCCDcl455,99–101.
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1.4.2. mCCDcl1 cell line
1.4.2.1. Origin and use

The mCCDcl1 cell line is a spontaneously immortalised cell line derived from a
single clone microdissection of a wild-type mouse55. It was developed initially
to investigate the receptors responsible for aldosterone stimulated sodium
transport as previously used mammalians models had shown inconsistencies
in response to aldosterone and further stimulators of Na+ transport such as
insulin and AVP101,102.

mCCDcl1 cells display all the necessary cellular machinery required for
corticosteroid dependent Na+ transport, such as ENaC, the mineralocorticoid
receptor (MR), the glucocorticoid receptor (GR) and the enzyme 11hydroxysteroid dehydrogenase 2 (11bHSD2). Furthermore, when cultured on
porous membranes, the mCCDcl1 cells display spontaneous current across a
resistive monolayer at levels indicative of CD epithelial function. As a result,
the mCCDcl1 cell line has been used extensively to study ENaC mediated Na+
transport, most commonly by measuring transepithelial voltage and
resistance55,103–105. Importantly, electrogenic transport in the mCCDcl1 cell line
has been shown at physiological concentrations of hormones.

The mCCDcl1 cell line has been used to carry out experiments that would not
be possible in vivo and in so doing, improve our understanding of PCs and the
CD as a whole. One such experiment determined that under normal conditions
(physiological concentrations of aldosterone), Na+ transport in PCs is
controlled by the occupancy of MR by aldosterone and not the GR, which
aldosterone is also capable of binding to. This is reversed in the case of salt
restriction or acute stress, whereupon GR is also occupied55. These findings
are important not just in terms of general understanding but also for future
pharmacological treatment of conditions that present with sodium retention.
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The mCCDcl1 cell line has been shown to express the functional components
present in vivo that are responsible for K+ transport such as the ROMK, BK,
SK1, SK3 and IK1 channels106,107. As a result, it has been used to determine
regulatory factors for K+ transport such as the discovery that SK1, SK3 and
IK1 channels (regulated by mechanosensitive TRPV4 channel and Ca2+
signalling) control activity of the BK channel107.

Despite the considerable study of PC-related function in these cells, until
recently little work had been done into the true composition of the cell line.
Assmus et al have shown that this PC cell line, is in fact a mixed population of
PC, IC and PC/IC ‘hybrid’ cell types21. This heterogeneous nature is carried
through single cell cloning indicating that this feature is due to inherent
plasticity of the cells themselves. Studies of CD epithelial plasticity (see
Section 1.3.5) further corroborate the findings in the mCCDcl1 cell line,
suggesting that heterogeneity and plasticity are not unique features to this cell
line, but inherent to CD epithelia, and as such perhaps to other CD-derived
epithelial cell lines.

1.4.2.2. Culture of mCCDcl1 cells

mCCDcl1 cells are cultured beyond confluency until “doming” appears (Figure
1.10.) at which point the cells detach from the culture flask surface mimicking
the polarization of collecting duct epithelia in the nephron and formation of
differentiated apical and basolateral membranes. Pre-confluency, mCCDcl1
cells are fairly round but become more angular once confluency is reached,
creating a cobblestone pattern across the culture surface with a typical
epithelioid shape with tight junctions.
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(a)

Tight junctions
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(c)

Figure 1.10. Illustration of ‘doming’ cells (a) and microscope images of
mCCDcl1 pre-confluency (b) and when doming (c) cultured on polystyrene
culture dishes. Scale bar= 80 𝜇m.
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1.4.3. mpkCCDcl4 cell line
1.4.3.1. Origin and use

The mpkCCDcl4 cell line is an SV40 transformed cell line derived from
microdissected CDs from a 1-month old SV-PK/Tag transgenic mouse99. It
was developed as a mammalian PC model for identifying genes controlled by
aldosterone, six years prior to the creation of the mCCDcl1 cell line. At the time,
amphibian cell lines such as A6 and TBM or ex vivo amphibian models were
used to study PC-like Na+ transport108–110. The next generation of cell lines
were specific to the CD and used mammalian animals such as the M-1 and
rCCD1 cell lines, from a mouse and rat, respectively. These cell lines lacked
consistent evidence of an MR-mediated response to aldosterone, AVP and
insulin and so were unsuitable for studying hormonal regulation of Na+
transport in the CD101,102.

The mpkCCDcl4 line on the other hand showed evidence of all of the necessary
cellular machinery and activity for studying the impact of aldosterone, such as
expression of all three ENaC subunits, MR, GR, Na+/K+-ATPase, typical
electrophysiological properties of the CD epithelium, dose- and timedependent responses to aldosterone and amiloride sensitive electrogenic Na+
transport. These features are all indicative of PCs and since only 5% of
mpkCCDcl4 cells stained positively for the marker DBA, here used as an IC
marker, the cell line was determined to consist of ‘mainly PCs’.

It has subsequently been used to answer many questions regarding hormonal
control of CD epithelial transport such as determining that although both insulin
and dexamethasone stimulate Na+ reabsorption via SGK-1, the stimulants do
so via different signalling pathways, insulin via PI3K and dexamethasone in a
PI3K independent pathway. Other discoveries regarding Na+ transport include
that mpkCCDcl4 cells respond to aldosterone predominantly by GR occupancy
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and not MR, as seen in mCCDcl1 cells53,55,99,111,112. Another difference
observed between the mCCDcl1 and mpkCCDcl4 cells is the lack of
electrophysiological response to barium, an ROMK channel blocker, in
mpkCCDcl4 cells. This indicates that ROMK is present and functional in
mCCDcl1 cells but perhaps not in mpkCCDcl4 cells.

The line has also been used to study other functions of the PC such as Aqp2
trafficking and the signalling pathways responsible for flow-induced CD
specific endothelin-1 production (an autocrine inhibitor of Na+ and H2O
reabsorption)62,113.

1.4.3.2. Culture of mpkCCDcl4 cells

mpkCCDcl4 cells look similar to mCCDcl1 cells in culture (see Figure 1.11). Cells
also appear to ‘dome’ around the same time and display a typical epithelioid
shape with tight junctions. Cells of the mpkCCDcl4 line appear more angular
and smaller pre-confluency than mCCDcl1 counterparts, which are rounder in
shape when viewed in brightfield images. The difference in cell shape is less
distinguishable once confluency has been reached, but it is still possible to
distinguish the two cell lines by eye.
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(a)

(b)

Figure 1.11. Brightfield microscope images of mpkCCDcl4 pre-confluency (a)
and when doming (b) cultured on polystyrene culture dishes. Scale bar=
80 𝜇m.

1.5.

The use of RNA-Seq in the CD

The field of transcriptomics has advanced enormously in recent years with the
development and availability of RNA-Seq and more recently, single-cell RNASeq (scRNA-Seq). These tools have become cheaper and more sensitive
allowing their use by non-specialist laboratories to identify rare cells and
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expression patterns of thousands of genes even when expressed at low levels.
These results not only improve our understanding of the cellular environment
and interactions, but the effects of differential gene expression on disease.
scRNA-Seq data also allow for unbiased analysis, advancing on techniques
that

require

pre-selected

markers

such

as

flow

cytometry

or

immunocytochemistry.

Depending on the desired outcome, bulk RNA-Seq may not be well suited to
complex systems with heterogenous composition, such as the collecting duct
or the whole kidney, as it cannot differentiate between sub-populations of cells.
The increased resolution provided by scRNA-Seq means that even low
abundance cells that would be drowned out in the average signal in bulk RNASeq analysis, are now identifiable. This ability has led to the identification of a
number of new cell types and states but also to the reclassification of
previously studied cell populations114,115. As we learn more about the
complexity of cellular environments, scRNA-Seq is an important tool in
understanding the relation between cell types but also to understand the
variance in expression within cells of a certain type.

scRNA-Seq has been utilised in numerous publications concerning the kidney,
ranging from the mapping of cell types and related sex differences, monitoring
changes in disease states, improving and directing organoid research and
investigating the role of SARS-CoV-2 on the kidney amongst others116–122.

1.6.

Aims and Hypothesis

Extensive study of PC related transport has been undertaken in CD derived
epithelial cell lines but until recently, a number of these cell lines were
determined to be of homogeneous composition. Recent work has indicated
that one of these cell lines, mCCDcl1, originally thought to be PC only, is in fact
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a heterogeneous population of the cell types observed in vivo; PC, IC and a
hybrid PC/IC. Furthermore, these cells undergo plasticity which has been
noted in vivo under certain physiological and genetic manipulations. It is thus
hypothesised that these features of the mCCDcl1 cell line are not specialised
features of this spontaneously immortalised cell line but are inherent to all CD
derived epithelial cell lines. If so, these cells provide an in vitro model for
understanding the mechanisms of plasticity and their role in maintaining
homeostasis and pathogenesis. To investigate this hypothesis, this thesis shall
investigate the composition and properties of the mpkCCDcl4 cell line in
comparison with the mCCDcl1 cell line and previously published in vivo work.

This thesis will also investigate the role of cell plasticity in the collecting duct
under different genetic and physiological conditions.
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2. Materials and Methods

2.1. Standard solutions

Solutions were made up with water from a Milli-Q Ultrapure Water Purification
System. Solutions were supplemented with HCl or NaOH to achieve target pH,
determined using a pH meter (Corning). Standard solutions and components
are detailed below in Table 2.1.

Solution

0.5M
EDTA
(pH 8.9)

Components
EDTA disodium salt
dihydrate
ddH2O

Quantity
186.1g
Up to 1000mL
final volume

Tris base

242g

Glacial acetic acid

57.1mL

0.5M EDTA

100mL

Supplier
VWR Chemicals
(443885J)
Promega (H5135)
VWR

Chemicals

(36289.AE)

50X TAE

ddH2O

10X TBE

final volume

-

Tris base

108g

Promega (H5135)

Boric acid

55g

Sigma (B7901)

EDTA disodium salt
dihydrate
ddH2O

PBS

Up to 1000mL

7.5g
Up to 1000mL
final volume

VWR Chemicals
(443885J)
-

PBS tablets

10

Invitrogen (003002)

ddH2O

Up to 1000mL

-
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4% PFA
(pH 7.2)

Paraformaldehyde

40g
Up to 1000mL

PBS

final volume

5M

NH4Cl

0.267g

Sigma (A9434)

NH4Cl

ddH2O

100mL

-

Tris base

6.05g

Promega (H5135)

NaCl

8.76g

Sigma (S9888)

ddH2O

Up to 1000mL

-

TBS

1000mL

Tween-20

0.5mL

TBS

TBS-T

Blocking Goat/ donkey serum 10%
buffer

PBS
Tri-sodium

citrate

dihydrate

buffer

ddH2O

Up to 1000 mL

(pH6)

Tween-20

0.5 mL

buffer

citrate

2.94 g

PBS
FBS

BioSera (GO-605500)
BioSera (AS-2281500)

90%

Sodium

FACS

Sigma (P9419)

Sigma (S1804)

Sigma (P9419)
Gibco (10010072)

2%

Bio&Sell
(FBS.EUA.0500)

Table 2.1. List of standard solutions used, with concentrations and composition
information
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2.2. Cell culture techniques
2.2.1. General conditions

Cells were cultured on the surface of 25cm2 or 75cm2 polystyrene culture
flasks with vent caps (Sarstedt). Cells were incubated at 37 oC in 5 % CO2/ 95
% air in a HERA cell 150i CO2 incubator (ThermoScientific). All media and
solutions were warmed to 37oC using a water bath prior to application to cells.
Media changes and experimental work were carried out in a sterilised laminarflow tissue culture hood.

2.2.2. Culture of mCCDcl1 and mpkCCDcl4 cells

The mCCDcl1 cell line was previously established and kindly provided by
Bernard Rossier (University of Lausanne, Switzerland). The mpkCCDcl4 cell
line was purchased from ATCC. Unless otherwise stated, cells were cultured
using complete growth medium, previously described for culture of mCCDcl1
cells55. Recipes for media described below in Table 2.2.
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Media

Ingredients

Supplier

Phenol red free DMEM/F12 Life Technologies

Complete

(500mL)

(21041033)

Insulin (5µg/mL)

*Sigma (l1884-1vl)

Sodium selenite (60nM)

*

Apotransferrin (5µg/mL)

*

Dexamethasone (50nM)

Sigma (D8893-1mg)

Triiodothyronine (1nM)

T6397-100mg

L-glutamine (2nM)

Sigma (G7513)

EGF (10ng/mL)

Life Technologies (PHG0311)

FBS (2%)

Bio&Sell (FBS.EUA.0500)

Penicillin-streptomycin

Sigma (P4333-100mL)

(100µg/mL)

Charcoalstripped

Phenol red free DMEM/F12

Life Technologies

(500mL)

(21041033)

Charcoal-stripped FBS (2%)

Sigma (F6765)

Penicillin-streptomycin

Sigma (P4333-100mL)

(100µg/mL)

Experimental

Phenol red free DMEM/F12

Life Technologies

(500mL)

(21041033)

Penicillin-streptomycin

Sigma (P4333-100mL)

(100µg/mL)
Freezing

DMSO (10%)

Sigma (C6164)

FBS (90%)

Bio&Sell (DE)

Table 2.2. Media recipes for culture of mCCDcl1 and mpkCCDcl4 cells. *Insulin,
sodium selenite and apotransferrin supplied by supplier in a combined
solution.
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2.2.3. Passaging of cells

Cells were cultured past confluency until ‘doming’ was apparent. Doming is
indicative of polarisation and active transport across epithelial cells. Once
doming was evident, media was aspirated from the culture flasks and the cells
were washed 3 times with PBS. 333µL or 1mL of Trypsin EDTA (Lonza, 0.25%
trypsin) was added to 25cm2 or 75cm2 flasks, respectively. Cells were
incubated at 37o with Trypsin EDTA until lifted, for a maximum of 15 mins.
Upon lifting, media was added to the cell-Trpysin EDTA mix and pelleted using
a Biofuge primo centrifuge at 1000 rpm, 5 mins. Supernatant was aspirated
and cells were resuspended in media and split using a 1:10 ratio.

For the following experiments, mCCDcl1 cells were used between passages 36
and 39 and mpkCCDcl4 cells between passages 39 and 44.

2.2.4. Cloning

Single cells clones were established from mpkCCDcl4 cells at passage 41
according to a previously described serial dilution single cell cloning
protocol.123 A cell suspension of 2x104 cells/ mL was prepared in media and
added to the well A1 in a 96-well plate. This cell suspension was serially diluted
by a factor of 2 from the top well to the bottom well of column 1. Further serial
1:2 dilutions were applied in each row across the plate from columns 1 to 12.
The plate was incubated and monitored regularly for the presence of single
cell clones, most likely to be found in the lower right corner of the plate where
dilution is greater. Identification of single cell clones was independently
verified. Clones were trypsinised and transferred to a single well of a 12 well
plate. Clones were again trypsinised and transferred to 6 well plates before
selection and freezing. 5 clonal sub-lines were established from the parental
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mpkCCDcl4 parental cell line, and 3 carried on for further study based on
morphological differences.

2.2.5. Freezing and thawing of cells

To freeze, cells were prepared as per splitting protocol described above, until
the final resuspension step. Cell pellets were then resuspended in sterile
filtered freezing medium (Table 2.2.) (1 confluent T25 flask into 1mL or 1
confluent T25 flask into 3mL). Cell suspensions were immediately aliquoted
into labelled 2mL cryovials (Sigma) and put on ice. Cells were stored at -80oC
overnight before being transferred to long-term liquid nitrogen storage (196oC).

To thaw cells stored in liquid nitrogen, cryovials were transferred to cell culture
facilities on dry ice (-78oC). Cryovials were thawed by suspending partially in
a water bath (37oC) until almost thawed and then at room temperature. Cell
suspensions were transferred to a 50mL falcon tube (Corning) and 10mL of
complete media added over 10 mins. Cell suspensions were centrifuged at
1000 rpm, 5 mins using a Biofuge primo centrifuge. The supernatant was
aspirated and cell pellet resuspended first with 1mL complete media to break
up the pellet followed by 4mL complete media to resuspend completely. Cell
suspensions were transferred to either a T25 flask or a T75 flask. In the latter
case, an additional 15mL complete media was added to the culture flask.

2.2.6. Fixation of cells

Following the completion of electrophysiological experiments, cells cultured on
permeable filters were washed 3 times with PBS. Cells were then fixed with
4% PFA for 20 mins followed by a further 3 PBS washes. Cells were treated
with NH4Cl for 10 mins, to reduce autofluorescence. Cells were again washed

41

3 times with PBS and stored in PBS at 4oC. Plates containing permeable filters
were sealed with Parafilm (Sigma).

2.3. Polymerase Chain Reaction
2.3.1. RNA extraction

Cells were lysed using QIAzol lysis reagent (Qiagen) and transferred to 1.5mL
Eppendorf tubes. Lysates were either frozen at -80o-C for long term storage or
used immediately for RNA extraction. QIAazol mixtures were added to Phase
lock gel heavy centrifuge tubes (QuantaBio) with the addition of 200µL 1bromo-3-chloropropane (Sigma) to extract RNA. Following shaking, 15 mins
incubation, room temperature, and spinning, the aqueous phase was
extracted. RNA was precipitated with 70% ethanol and transferred to QIAprep
Spin Miniprep Columns and centrifuged twice, discarding flow through.
Samples were spun with Buffer RW1 and the flow-through was discarded.

Samples were treated with rDNAI DNA removal kit (Ambion) prepared as
follows: 5µL 10X buffer, 45µL DEPC water, 1µL enzyme. Samples were
incubated with rDNAI reaction mixtures at 37oC for 20 mins. Buffer RW1 was
spun with the column, flow discarded, followed by 2 spins with buffer RPE,
both times discarding flow. Columns were spun with no additional buffer and
transferred to a 1.5mL Eppendorf. RNA samples were eluted in 50µL nuclease
free water. RNA samples were stored at -80oC for future use.

To assess RNA concentration and purity, samples were analysed using a
Nanodrop spectrophotometer (ThermoFisher), noting concentration and
260nm to 280nm absorbance ratios. 500ng of each sample was run on a 0.8%
agarose gel in 0.5X TBE and ethidium bromide (1µg/mL, Sigma 46066) to
assess RNA integrity. Representative gel electrophoresis image shown below,
displaying distinct 18S and 28S bands, indicative of intact rRNA.
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Figure 2.1. RNA samples run on 0.8% agarose gel displaying distinct 18S and
28S rRNA bands indicative of intact RNA following extraction.

2.3.2. Reverse transcription of RNA

500ng of RNA was used to form cDNA using High-Capacity cDNA Reverse
Transcription

Kit

(Applied

Biosystems)

according

to

manufacturer’s

instructions, without the addition of RNAse inhibitor. Reactions were
performed in a Veriti 96-well ThermoCycler (Applied Biosciences) by the
following conditions: 10 mins at 25oC; 120 mins at 37oC; 5 mins at 85oC.

2.3.3. RT-PCR

DNA was amplified by PCR reaction using Q5® High-Fidelity Polymerase
(New England Biolabs, M0491) in a Veriti 96-well ThermoCycler (Applied
Biosciences). Reaction mixtures contained 5.7μL H2O, 2μL 5X Q5 reaction
buffer, 0.2μL 10mM dNTPs, 0.5μL 10μM forward primer, 0.5μL 10μM reverse
primer, 1μL cDNA and 0.1μL Q5 enzyme to total reaction volume of 10μL. The
reaction conditions were as follows: 30 seconds at 98oC; 35 cycles of 10
seconds at 98oC, 30 seconds at 68o and 1 min at 72oC; 2 mins at 72oC; before
holding at 4oC.
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Details of primers used are presented in Table 2.3.

Target

Genbank

Forward

ID

primer

Reverse primer

ATG TGG GAA

CCA CGG CAA

CTC CGG TCC

TCT GGA GCA

ATA GC

CAG

ENaC

GCC TTC TCC

CAC AGA CGG

(alpha

NM_011324 TTG GAT AGC
.2
CTG G

Aqp2

subunit)

NM_009699
.3

VATPase
B1

Cx30

Parm1

Sec23b

CCA TCT TGA

CGC AGG ATG

NM_134157 TGC CCA GTA
.3
TGC TGA G

TCC CCT GTG

ACT CTA CCA

TGC AGA GTG
TTG CAG ACA

AGG ACT GAG

GAG AAC TGA

379.1

TGG TTG T

102

174

124

AAG TCC

NM_145562 GGT ACA GGG GGC GTT GTG
.2
TTC AC
AGT GG

CCA CAA GAA

139

AA

NM_001010 GCA TAG GGA
937.2
AGG TGT G

NM_001355

size (bp)

GTA GC

GGT CAA GTT

GCC TTG AAG

Product

154

ATT CAG CAG
GTT GAT TCA
CCT CAG ATA

272

TGC

Table 2.3. RT-PCR primer Sequences for PC, IC and Intermediate cell
markers.
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2.3.4. Agarose-gel electrophoresis

Amplified DNA was run on a 1% agarose (SeaKem® LE agarose, Lonza
50050) gel made in 1X TAE buffer and visualised using ethidium bromide
(1µg/mL, Sigma 46066). DNA samples were run alongside a Gene Ruler DNA
ladder to determine band sizes. Gels were run in 1X TAE buffer in an
electrophoresis tank at 100mV and 300mA. Bands were visualised using a UV
Transluminator with an Olympus C-4000 digital camera attached.

2.4. Histological analysis
2.4.1. Animal models

Mice and rats with a targeted knockout of the Hsd11b2 gene have previously
been described.124,125 This modification confers a knockout of the enzyme 11βhydroxysteroid dehydrogenase type 2 (11βHSD2) and is used as a model of
the syndrome of apparent mineralocorticoid excess (SAME). KO and WT mice
and rat kidneys were perfusion fixed followed by 24hrs in 4% PFA. Paraffin
embedded kidneys from WT and KO animals at 4 weeks and 17 weeks were
used for mice and at 5 weeks and 24 weeks for rat, with an n=3-4 per group.

Kidneys from adult male C57BL/6J mice on a high salt diet (3% Na+ by weight
for
2 weeks), ACTH treatment (2.5μg per day for 2 weeks) and ACTH treatment
combined with high salt diet (2 weeks same conditions as above) have
previously been described126. These samples were kindly supplied by Hannah
Costello, University of Edinburgh.
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2.4.2. Tissue preparation

5µm sections were taken from each kidney using a Leica RM2125RTS
microtome and mounted on SuperFrost PlusTM charged microscope slides
(Thermo Fisher) and dried overnight at 37oC. Sections were de-waxed and
rehydrated by sequential baths of xylene (4 mins x2), 100% ethanol (2 mins
x2) then 90%, 80% 70% ethanol for 2 mins each. The sections were then kept
in water before undergoing heat induced antigen retrieval (5mins) in sodium
citrate buffer pH6, in a pressure cooker.

Sections were washed 3 times in TBS, 5 mins each on a rocker. Excess PBS
was removed from slides and a hydrophobic barrier drawn around each
section using a hydrophobic barrier pen (Vector Laboratories). 0.1% Sudan B
black was applied to cover each section and incubated at room temperature
for 10 mins, to reduce autofluorescence. Sections were washed 2 times in
TBS-T, 5 mins on rocker. 0.2% Triton X-100 in TBS was applied to sections
for 10 mins, room temperature to permeabilise cell membranes. Sections were
again washed 2 times with TBS-T.

2.4.3. Fluorescent labelling

The following procedure applies to cells fixed as described in Section 2.6. and
sections as described in Section 4.2. Cells on permeable filter rings were
removed from SnapwellTM supports and placed in 6 well plates.

Blocking agent (10% normal donkey serum in TBS) was applied to all samples,
for 1hr at room temperature. Primary antibodies were prepared as per the
dilutions detailed in Table 2.4. in 5% donkey serum (in TBS). Primary antibody
dilutions were applied to samples and stored overnight, at 4oC. Samples were
washed with TBS-T, 3 x 5 mins. Secondary antibodies were prepared as per
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the dilutions detailed in Table 2.5. and applied to samples for 1hr, at room
temperature, in the dark. Samples were again washed with TBS-T, 3 x 5 mins.

A control using secondary antibodies only was carried out in parallel with the
above protocols. During optimisation for each antibody, no antibody (primary
or secondary) controls and individual secondary only antibody controls were
also tested.

Host

Dilution
ICC

IHC
1:1000*

Supplier (reference

Aqp2

Goat

1:200

V-ATPase B1

Rabbit

1:50

Parm1

Rabbit

1:50

-

Abcam (ab1224952)

Sec23b

Rabbit

1:50

-

Abcam (ab251694)

1:500^
1:200*
1:50^

Novus Bio (NBP1-70378)

Life Technologies (PA535052)

Table 2.4. Details of primary antibodies used. All antibodies were polyclonal
and unconjugated. Certain antibodies displayed variation in staining efficacy
between species (*= Mouse, ^ = Rat).

Secondary
antibody
Donkey antigoat
Donkey antirabbit

Conjugate

Dilution Supplier

Reference

Alexa Fluor 488 1:500

Life Technologies A-11055

Alexa Fluor 568 1:500

Life Technologies A-10042

Table 2.5. Details of secondary antibodies used for immunofluorescence
staining. All antibodies were polyclonal.
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2.4.4. Mounting of cells

For cells grown on filter membranes, the polyester membrane was removed
from the remaining plastic ring using a scalpel blade. Cells on permeable filters
were mounted onto microscope slides using Fluoromount-G with DAPI (Life
Technologies). Coverslips were placed over permeable filters. Prolong Gold
Antifade reagent with DAPI was also applied to sections and coverslips placed
over sections. All coverslip edges were sealed with clear nail varnish. Mounted
samples were stored at 4oC until imaging.

2.4.5. Imaging

Samples were imaged using a Leica DMi8 inversted confocal microscrope
(with DAPI, FITC and TRITC filters applied, for DAPI, AlexaFluor 488 and
AlexaFluor 568, respectively. Both 60X 1.4 NA Plan Apo and 40X 1.3 NA Plan
Flur oil objectives were used. A minimum of 6 images were taken for each
sample. Z-stack images were acquired using a Leica SP8 confocal
microscope.

2.4.6. Image analysis

All images were analysed using ImageJ (National Institutes for Health).

Images of cultured cells on filters were analysed for proportion of staining by
antibodies. This quantification was calculated by creating a nuclear mask
(using a macro in ImageJ) in the DAPI channel image, then applying this mask
to the images in the other channels. See Figure 2.2. below for an example.
Nuclear outlines were automatically numbered and staining in all 3 channels
was tabulated for each cell by eye. Automatic counting was not appropriate as
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staining in the non-DAPI channels was often outwith the nuclear outline or only
occupied a small area of the nuclear outline and so might not be picked up
from analysis of mean or maximum grey values within the nuclear outline. Cells
staining only for Aqp2 were counted as PC, cells staining only for VB1 were
counted as IC and cells staining for both were counted as intermediate cells.
The proportion of each cell type per image was averaged and a minimum of 6
images from 6 points across each filter were used to calculate the overall cell
type proportion. 3 Snapwell filters with cultured cells per cell line were imaged.

Nuclear mask applied to
single channels
Aqp2

Nuclear mask created in
DAPI channel
DAPI

V-ATPase B1

Figure 2.2. Example nuclear mask created by the ImageJ macro applied to
each individual channel. Positive or no staining in each channel was tabulated
against cell outline number.

Images of stained kidney sections were used to count cells within collecting
ducts expressing Aqp2, V-ATPase B1 or both. Cells expressing Aqp2 only
were deemed PCs, those expressing V-ATPase B1 as ICs and those
expressing both as intermediate cells (Figure 2.3).
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DAPI Aqp2 V-ATPase B1

>
>

*
*

PC+

PC+

PC+/IC+

PC+/IC+
IC+

IC+

Figure 2.3. Example image of mouse kidney section stained with anti-Aqp2
(green) and anti-V-ATPase B1 (red) antibodies with DAPI nuclear stain (blue).
Cells expressing only Aqp2, only V-ATPase B1 and also co-expression
labelled.

Both single channel and composite channel images were analysed to ensure
that all positively stained cells were counted because Aqp2 fluorescence
obscured V-ATPase B1 fluorescence in some double stained cells in
composite images. See Figure 2.4. for an example. Secondary verification was
applied to a number of images to ensure that the counting process was
consistent and unbiased.
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Single channel images
Aqp2
Composite image
Aqp2 V-ATPase B1

V-ATPase B1

Figure 2.4 Example of composite and single channel images. In this example,
some V-ATPase B1 signal was obscured by Aqp2 staining in the composite
image hence the importance of scoring cells in the single channel images.

2.4.7. Data analysis

Data were analysed using GraphPad Prism8 software and an unpaired t-test
to assess statistical significance between groups. Data are expressed as mean
± S.E.M. of the mean. In animal studies (analysis of sections) n values refer to
number of mice used. In cell line studies, n values refer to the number of
passages.
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2.5. Electrophysiology
2.5.1. Cell culture on permeable filters

For the following experiments, mCCDcl1 cells were used between passages 36
and 39 and mpkCCDcl4 cells between passages 39 and 44. N values refer to
the number of plates studied, with 4 technical repeats per plate. An additional
well per plate contained media only as a baseline reference.

Cells were cultured and trypsinised as detailed in section 2.2. Cells were
seeded onto Corning Costar™ Snapwell™ cell culture inserts (polyester,
12mm, 0.4 µm pore size). Initially seeding method was carried out by split ratio
(1:1), retrospectively calculated as an average seeding density of 107 000
cells/cm2 for mCCDcl1 cells and 120 000 cells/cm2 for mpkCCDcl4 cells. Later
experiments used cell counting to seed 90 000 cell/cm2 to investigate
electrophysiological differences between cells seeded by either method.

Cells were fed with complete media on days 1, 3, 5, and 7. On day 8, media
was exchanged for charcoal stripped media and day 9 exchanged for
experimental media.

These media changes removed stimulants of

transepithelial transport present in complete media, such as dexamethasone
and insulin, from the cellular environment in the 48 hours prior to the
aldosterone and amiloride assay.

2.5.2. Epithelial Volt-ohm meter (EVOM) measurements

Transepithelial voltage (Vte) and transepithelial resistance (Rte) were
measured using an Epithelial volt-ohm-meter (EVOM) and chopstick “STX”
electrodes (World Precision Instruments, see Figure 2.5.). Background values
were recorded in a well containing only media and these values subtracted
from those recorded in wells containing cells. Rte values were used as a
measure of the development of a resistive monolayer and tight junctions and
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Vte to measure potential difference across the cells. The polarity of Vte values
are reported as negative values to indicate the direction of cation movement
from the apical to basolateral compartments.

Figure 2.5. (a) Seeding, feeding and measurement timetable. (b) Diagram
representing experimental set-up for measuring Vte and Rte across monolayer
of cells using EVOM and “STX” electrodes. SnapwellTM permeable filter insert
allows access to apical and basolateral compartments.

Equivalent current (Ieq) was calculated using Ohm’s Law from recorded Vte and
Rte values:

𝐼!" (𝜇𝐴/𝑐𝑚# ) =

𝑉$! (𝑚𝑉) ∙ 1000
𝑅$! (Ω ∙ 𝑐𝑚# )

Polarity of Ieq reflects the direction of charge flow. Negative Ieq values indicate
electrogenic secretion of cations, electrogenic absorption of anions, or both.

All measurements of Rte and Vte were taken prior to media changes because
these can cause large increases in Rte values.127
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2.5.3. Aldosterone and amiloride assay

Aldosterone and amiloride stocks in 100% ethanol were prepared as detailed
in Table 2.6. Aldosterone stock solution was diluted in experimental media to
a concentration of 0.1𝜇M. Vehicle only controls were prepared by diluting
100% EtOH in the same manner as the aldosterone working solutions.

Supplier Stock

Aldosterone Sigma

Amiloride

Sigma

Working solution

10mM (in

0.1𝜇M (diluted in

100% EtOH)

experimental media)

1mM (in 100%
EtOH)

1mM

Final

3nM

10𝜇M

Table 2.6. Aldosterone and amiloride concentrations of stock solutions,
working solution and final concentration when added to cell plates.

Initial EVOM measurements were recorded and 15𝜇L and 75𝜇L of 0.1𝜇M
aldosterone working solution applied to apical and basolateral compartments,
respectively, to give a final concentration of 3nM aldosterone. Control cells
were treated with vehicle only, diluted with experimental media in parallel with
aldosterone and amiloride stock solutions to create working solutions. Once
aldosterone was applied to cells, the EtOH concentration in the cell culture
media was 0.003% and after amiloride application, the EtOH concentration
was 1%.
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Figure 2.6. Experimental timeline of the aldosterone and amiloride assay.

Cells were incubated for 180 mins before further EVOM measurements were
taken. The ENaC specific channel blocker, amiloride (5𝜇L) was applied
apically only but to both control vehicle and aldosterone treated cells.51 Cells
were incubated for 10 mins before final EVOM measurements recorded.

Amiloride sensitive current (Iami) is an indication of ENaC mediated Na+
transport. Iami was calculated by subtracting the small remaining Ieq after
amiloride treatment at t=190 mins from the previously measured Ieq value at
t=180:
𝐼&'( = 𝐼$)*+, − 𝐼$)*-,
N values refer to the number of plates studied, with 2 technical repeats for
vehicle treated and aldosterone treated per plate. Each plate was treated in
identical conditions, seeding densities and feeding regimes. Aldosterone and
amiloride assays were performed on all passages of cells cultured on
permeable filters (mCCDcl1 36-39 and mpkCCDcl4 39-44).
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2.5.4. Data analysis

Vte and Rte recordings and Ieq and Iami calculations were collated and calculated
in Microsoft Excel. Statistical significance between cell lines and seeding
conditions were assessed by applying a linear regression model in GraphPad
Prism 8 software. Linear regression models were fitted across time points that
covered development of the monolayer in one culture condition (days 3-8 in
supplemented media) or a response to a change in conditions (day 8-10 as
the cells responded to removal of stimulants and response to aldosterone and
amiloride). This was deemed appropriate as the trends were generally linear
between these time points of interest, or in the case of aldosterone and
amiloride response a line could be created using the two time points as the
start and end of the line.

The linear regression model for assessing statistical significance is equivalent
to analysis of covariance (ANCOVA) and was deemed more appropriate than
an ANOVA for two reasons. Firstly it allowed the comparison across multiple
time points as a whole, compared to selecting arbitrary time points to compare
the cell lines. Secondly, it allowed the comparison of the slope of the line, or
rate of change, between cell lines and conditions where the starting points
were significantly different.

2.6. RNA-Seq Analysis
2.6.1. Preparation of cell libraries for 10X scRNA sequencing

mCCDcl1 and mpkCCDcl4 cells were cultured on Corning Transwell filters (4 per
cell line) for 9 days in complete media. A cell suspension in fluorescenceactivated cell sorting (FACS) buffer was prepared on day 9 by trypsinisation
and resuspension to an approximate concentration of 1 million cells in 0.5mL
buffer. A flow cytometer (BD FACS Aria II SORP, Beckton Dickenson, Basel,
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CH) was used to carry out a live-dead cell count and then obtain 100 000 live
cells by gating. The live-dead cell count was evaluated using a 4′,6-diamidino2-phenylindole stain (DAPI-UV excitation 360 nm: emission filter 450/50) and
singlets (FSC-A versus SSC-A) for gating live cells.

2.6.2. 10X Chromium single cell library workflow

The Chromium Single Cell 3’ Library and Gel Bead Kit v2 (10X Genomics, PN120237) and Chromium Single Cell A Chip Kit (10X Genomics, PN-120236)
was used to process single cells obtained from FACS, according to the
manufacturer’s instructions. A brief description of the workflow is as follows:
Sorted cells in FACS buffer were washed and around 7000 – 10 000 cells were
added to each lane on the 10X chip. Cells were then partitioned into nanolitrescale droplets containing barcoded gel beads and reagents. Upon cell lysis
and RNA reverse transcriptase reactions, uniquely tagged cDNA (identifying
origin cell) was produced, pooled and amplified in bulk. Sequencing libraries
were generated using the Illumina platform (HiSeq 4000, Illumina, Inc., San
Diego, CA).

2.6.3. Analysis of scRNA sequencing data output

Cell Ranger v2.1.0 Single-Cell Software Suite (10X Genomics) was used to
align the prepared transcriptome libraries with associated UMIs to the mm10
reference genome (Ensembl 84). The Seurat R package v2.4.2 was then used
to analyse the mCCDcl1 and mpkCCDcl4 datasets, singly and merged, using
the clustering workflow128. Briefly, genes expressed in fewer than 3 cells or
cells expressing fewer than 200 genes or mitochondrial gene content >30% of
the total UMI count were excluded.
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The data was normalised using the global scaling “LogNormalize” function.
Identification of genes with highly variable expression between cell clusters
were identified using the “FindVariableFeatures” function. The data was scaled
prior to performing linear dimensionality reduction (using principal component
analysis (PCA)). Using the graph-based clustering functions “FindNeighbours”
and “FindClusters”, unsupervised clustering and differential gene expression
analyses were carried out. The number of clusters was then changed based
on the prior analyses, by adjusting resolution.

Heat

maps,

t-distributed

stochastic

neighbour

embedding

(t-SNE)

visualizations, and violin plots were produced using Seurat functions, to
compare gene expression between clusters. Top differentially expressed
genes of each cluster were analysed for function and cross-referenced with
known PC, IC and transitional cell markers to attempt to assign cell type
identity to clusters.

To identify variation between the mCCDcl1 and mpkCCDcl4 data sets, canonical
correlation analysis (CCA) was performed. Canonical correlation vectors
(CCV) were selected for downstream analysis, by analysing correlation
strengths (using the “MetageneBicorPlot” function and CCV heatmaps. The
CCA subspaces were aligned using the “cca.aligned” function, visualised and
integrated analyses performed. The “FindConservedMarkers” function was
then used to identify genes that were conserved between datasets and the
“SplitDotPlotGG” function used to visualise this showing expression level and
percentage of cells in a cluster expressing a gene of interest.

2.7. Illustrations
Illustrations in figures and diagrams were created using Microsoft Office
PowerPoint and BioRender.com.

58

3. Immunocytochemistry characterisation of the mpkCCDcl4 cell line

3.1. Introduction

Recent work on the collecting duct epithelial cell line, mCCDcl1, suggests that
despite being defined as a highly differentiated PC population, it is a
heterogenous cell line, exhibiting features of both PC and IC cells.21 Although
the cell line displays the electrophysiological characteristics of a PC cell line,
immunocytochemistry and RNASeq data have shown the presence of PC, aIC and b-IC specific markers. Furthermore, clonal subline analysis shows that
the cells maintain this heterogeneity through passaging, with RNA-Seq data
also indicating the presence of progenitor cell markers including Pax2, p63 and
NfatC1 (the latter being associated with proximal tubule regeneration following
injury).129 These data indicate that the mCCDcl1 cell line exhibits cell plasticity
and may represent an intermediate cell capable of transitioning into either an
IC or a PC cell.

Given the interesting properties of the mCCDcl1 cell line, these data pose the
question of whether the heterogeneity and plasticity observed are inherent
features of all CD derived epithelial cell lines or whether these findings are
distinct to this self-immortalised cell line. The mpkCCDcl4 cell line was chosen
as another CD-derived cell line with which to test this hypothesis.

The mpkCCDcl4 cell line was developed prior to the mCCDcl1 cell line in
response to a need for a consistently aldosterone responsive mammalian cell
line in order to study the effect of corticosteroid hormones on sodium
transport99. Exhibiting the morphological and physiological properties of PCs,
it was determined to be ‘essentially PC’. Since its creation, the mpkCCDcl4 cell
line has been used to study various features of PC- specific Na+ transport
regulation in the CD such as the finding that insulin and dexamethasone
increase Na+ transport by different signalling pathways53.
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To investigate the hypothesised heterogeneity of mpkCCDcl4, polarised cells
grown on Snapwell filters were stained for PC, IC and intermediate cell
markers to characterise protein expression. In addition, single-cell cloning was
carried out to determine whether heterogeneity was vertically transmitted
through the cell line.

3.2. Aim

To determine whether mpkCCDcl4 cells display the characteristics of a
heterogenous collecting duct cell line i.e. expression of both PC and IC
markers.

3.3. Results
3.3.1. General Observations
Both the mCCDcl1 and mpkCCDcl4 cell lines displayed similar morphological
features when cultured on conventional cell culture polystyrene. Cells formed
a confluent monolayer, arranged in a cobblestone pattern with distinct edges.
When cultured to confluency, sub-populations of cells detached from the
polystyrene surface and, whilst still maintaining the integrity of the confluent
layer, formed ‘domes’ as shown in Figure 3.1. These cultured cells showed the
features of polarised principal cells in vivo which facilitate active transport
across the cell through protein channels specific to either the apical or
basolateral membrane.
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A

Tight junctions

Tight Junctions

Apical membrane
Basolateral membrane

Basolateral
membrane
Apical
membrane

B

Paracellular
transport

Lumen

Culture dish surface
D3 post-seed

D7 post-seed

mpkCCDcl4

mCCDcl1

D1 post-seed

Transcellular
transport

Figure 3.1. (A) Illustration of ‘doming’ cells. (B) Brightfield images of mCCDcl
and mpkCCDcl4 cells cultured for 1, 3 and 7 days after seeding on polystyrene
culture dishes. Scale bar= 80 𝜇m.

Despite these similarities, mCCDcl1 and mpkCCDcl4 cells exhibited subtle
differences in their morphology. Cells of both cell lines decreased in size as
confluency was reached but the shapes of the cells differed. mCCDcl1 cells
were noticeably rounder and only became more elongated and polygonal once
confluent. mpkCCDcl4 cells were elongated and polygonal in shape when
dividing and at confluency. These differences were distinguishable by
brightfield microscopy but also from nuclear staining with DAPI. A small
proportion of cells appeared much larger in size than the surrounding
population with distinctive large vacuoles. Karyotyping has shown that the cells
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‘Leak

are polyploid, which has also been confirmed in mCCDcl1 cells.21 Because of
the need to study a population of polarised cells, all experiments reported were
carried out on cells cultured on porous membrane filters (as described in
Section 2.2.), unless otherwise stated.

3.3.2. Heterogeneity of polarized mpkCCDcl4

mCCDcl1

and

mpkCCDcl4

cells

were

cultured

for

10

days

and

electrophysiological data taken as described in Chapter 4 before fixing for
immunostaining, such that functional and phenotypical data on the same cells
could be compared. mCCDcl1 cells here act as a well characterised control cell
line.21

3.3.2. Expression of PC and IC markers in mCCDcl1 and mpkCCDcl4 cells

Cells were immunostained for the PC and IC markers, Aqp2 and V-ATPase
B1, respectively. As hypothesized, mpkCCDcl4 cells exhibited expression of
both the PC and IC markers (Figure 3.2.). Expression of Aqp2 appeared
punctate in some cells and more diffuse in others whilst expression of VATPase B1 was generally expressed across a larger area of the cell than
Aqp2. Relative focus correction was implemented using Leica LASX software
to apply different focal planes to multi-channel images. This ensured that
positive signal was picked up even when different channels had different focal
points.

A dual Aqp2+ V-ATPase B1+ cell was observed in the mpkCCDcl4, similar to
that previously reported in mCCDcl1.21 This PC+/IC+ like cell constituted over
half of the cell population (56.3 ± 2.4 %). Only a small proportion of cells
stained for only one of the markers: 3.2 ± 0.3% as Aqp2+ V-ATPase B1- and
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16.5 ± 2.1% as Aqp2- V-ATPase B1+. Aqp2- V-ATPase B1- cells constituted
23.0 ± 2.5 % of the population. The identity of this cell type is not known.

Similar results were observed in the mCCDcl1 cell line with staining results as
follows: 60.7 ± 6.6 % Aqp2+ V-ATPase B1+, 1.4 ± 0.6 % Aqp2+ V-ATPase B1, 14.7 ± 2.7 % Aqp2- V-ATPase B1+ only, and 22.0 ± 3.9 % Aqp2- V-ATPase
B1-.A
mpkCCDcl4

Aqp2 / V-ATPase B1 / DAPI

V-ATPase B1

Aqp2

mCCDcl1

Figure
of polarised mCCDcl1 and mpkCCDcl4 cells cultured
B 3.2. Immunostaining
100
90
on filters, with anti-Aqp2
and anti- V-ATPase B1 antibodies, as PC and IC
80

Proportion of cells (%)

markers, respectively. For reference the merged images are also to shown
70

with nuclear staining
60 (DAPI). Scale bar= 20𝜇m.
50

mCCDcl1

40

mpkCCDcl4

30
20
10
0
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No staining

Aqp2+

V-ATPase B1+

Aqp2+/
V-ATPase B1+

Percentage composition

100%

Aqp2
VB1
Aqp2/ VB1
No stain

0%
mCCDcl1
VB1

Aqp2/VB1

1.4 ± 0.6 %
3.2 ± 0.3 %

14.7 ±2.7 %
16.5 ± 2.1 %

Aqp2
VB1
Aqp2/ VB1
No stain

Aqp2

Aqp2
VB1
Aqp2/ VB1
No stain

mCCDcl1
mpkCCDcl4

mpkCCDcl4

60.7 ± 6.6 %
56.3 ± 2.4 %

No stain
22.0 ± 3.9 %
23.0 ± 1.4 %

Figure 3.3. Proportion of mCCDcl1 and mpkCCDcl4 cells staining for Aqp2 and
V-ATPase B1.

RT-PCR was carried out on cDNA derived from both cell lines using primers
designed for the PC markers Aqp2 and ENaC and the IC markers V-ATPase
B1 and Connexin30. All markers were present in reaction products further
indicating the presence of both PC and IC markers in mCCDcl1 and mpkCCDcl4
cells (Figure 3.4.).
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Aqp2
m

k

ENaC
m

k

VB1
m

Cx30
k

m

C1
k

C2
500 bp
400 bp
300 bp
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100 bp

Figure 3.4. RT-PCR gel for PC markers Aqp2, ENaC (alpha subunit) and the
IC markers, V-ATPase B1 and Connexin30. m= mCCDcl1 and k= mpkCCDcl4.
C1 and C2 are no reverse transcriptase (using pooled mCCDcl1 and
mpkCCDcl4 cDNA) and no cDNA controls.

The above results indicate that both mCCDcl1 and mpkCDcl4 cell lines not only
express IC markers but the majority of cells appear to show a dual PC+/IC+
phenotype. The cells used in these experiments were at confluency and it was
questioned whether the cell type composition may differ pre-confluency. To
test this, mCCDcl1 cells were seeded onto glass coverslips and fixed 1 day, 4
days and 7 days after seeding. These cells were then immunostained for Aqp2
and V-ATPase B1 and imaged.

The results indicate that the dual PC+/IC+ phenotype is seen in the majority of
cells at all stages leading to confluency although the staining pattern of both
Aqp2 and V-ATPase B1 changes significantly between time points. (Figure
3.5).
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Day 4

Day 7

Aqp2 / V-ATPase B1
/DAPI

V-ATPase B1

Aqp2

DAPI

Day 1

Figure 3.5. mCCDcl1 cells fixed after 1 day, 4 days and 7 days after seeding
on glass coverslips, immunostained for Aqp2 and V-ATPase B1. Scale bar=
20 𝜇m.

Overall, cell size decreased as cells reached confluency. In cells fixed at day
1, Aqp2 was expressed throughout the cell but particularly in a ‘halo’ shape
around the nucleus. In cells fixed at day 4, expression was widespread
throughout the cell allowing identification of the cellular shape. Staining
became more punctate by day 7 although a number of cells were still seen that
exhibited expression across a larger area.
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V-ATPase B1 expression was observed across the entire cell at day 1 after
seeding, with a distinctive, directional thread-like pattern. By day 4, the staining
was more punctate and localized in the region of the cells that the nucleus
occupies. By Day 7, expression of V-ATPase B1 was still localised to the
region of the nucleus but appeared to be predominantly expressed around the
edges of the nucleus.

3.3.3.2. Expression of intermediate cell markers in mCCDcl1 and mpkCCDcl4
cells

The presence of a dual PC+/IC+ phenotype, similar to the Aqp2+/V-ATPase B1+
cells reported here, has been described in both the mCCDcl1 cell line and
primary cells from healthy mice and mice lacking the forkhead transcription
factor, Foxi1.21,22,88 scRNA-Seq data shows this intermediate cell type to
distinctly cluster between PC and IC cell types88. A number of markers specific
to this intermediate cell type were recently identified including the Prostate
androgen-regulated mucin-like protein 1 homolog, Parm1, and Protein
transport protein Sec23b, Sec23b.88

To investigate whether the dual PC+/IC+ phenotype observed in both mCCDcl1
and mpkCCDcl4 is similar to that observed in the RNA-Seq data from primary
mouse cells, polarized cells of both cell lines were immunostained with antiParm1 and anti-Sec23b antibodies.

Both mCCDcl1 and mpkCCDcl4 cells exhibited widespread staining for Parm1,
indicating that these cells are similar to those reported in vivo (Figure 3.6.).
The proportions of cells staining for Aqp2 and Parm1 were counted as
previously described for Aqp2 and V-ATPase B1. Over 85% of cells in both
cell lines were positive for Parm1, of which 83.5 ± 2.3 % in mCCDcl1 and 83.0
± 1.0 % of mpkCCDcl4 were dual staining Aqp2+ Parm1+ cells. Aqp2- Parm1+
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cells accounted for 2.7 ± 1.0 % and 6.5 ± 1.4 % of the mCCDcl1 and
mpkCCDcl4 populations, respectively. A small percentage of cells were scored
as Aqp2+ Parm1-, 1.8 ± 1.1 % of mCCDcl1 and 1.5 ± 1.0 % of mpkCCDcl4 cells.
Again, a number of cells did not stain for either marker tested; 11.7 ± 2.2 %
and 9.0 ± 1.6 % of mCCDcl1 and mpkCCDcl4 cell populations, respectively were
scored Aqp2- Parm1-.
A

mpkCCDcl4

Aqp2 / Parm1 / DAPI

Aqp2

Parm1 / DAPI

Parm1

mCCDl1

Figure 3.6. Immunostaining of polarised mCCDcl1 and mpkCCDcl4 cell culture
on filters with anti-Parm1 antibody, as an intermediate cell marker. Also shown
merged with nuclear stain, DAPI. Scale bar = 20 𝜇m.
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A

Parm1 only

Aqp2 only

Aqp2 and Parm1

mpkCCD cl4

mCCDl1

DAPI only

B
100%

Percentage composition

Aqp2
Parm1
Aqp2/ Parm1
No stain

Aqp2
Parm1
Aqp2/ Parm1
No stain

Aqp2
Parm1
Aqp2/ Parm1
No stain

0%
mCCDcl1

mpkCCDcl4

Aqp2

Parm1

Aqp2/Parm1

No stain

mCCDcl1

1.8 ± 1.1 %

2.7 ± 1.0 %

83.5 ± 2.3 %

11.7 ± 2.2 %

mpkCCDcl4

1.5 ± 1.0 %

6.5 ± 1.4 %

83.0 ± 1.0 %

9.0 ± 1.6 %

Figure 3.7. (A) Examples of different cell types scored in mCCDcl1 and
mpkCCDcl4 cells using anti-Aqp2 and anti-Parm1 antibodies. Scale bar =
10 𝜇m. (B) Proportion of cells staining for Aqp2 and Parm1.

Higher magnification confocal images of both cell lines were acquired, and zstack images used to create orthogonal projections. These projections showed
the relative localisation of Aqp2 and Parm1 in the cells, with Aqp2 localised to
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the apical membrane, as seen in vivo, and Parm1 being expressed throughout
the cell (Figure 3.8.). These images highlight the importance of identifying the
correct focal plane for each channel when using images to score cell type.
A mCCDcl1
Aqp2 / Parm1 / DAPI

3D visualization of a z-stack
(bird’s eye view)
Orthogonal projection
(cross-section of cells along white line)

B mpkCCDcl4
Aqp2 / Parm1 / DAPI

3D visualization of a z-stack
(bird’s eye view)

Orthogonal projection
(cross-section of cells along white line)

Figure 3.8. Higher magnification confocal z-stack images with orthogonal
projections of (A) mCCDcl1 and (B) mpkCCDcl4 cells with Aqp2 (green), Parm1
(red) and DAPI (blue) immunostaining. The orthogonal planes correspond
cells along the crosshairs. Scale bar= 10 𝜇m.
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Similar immunostaining patterns were observed for Sec23b in both mCCDcl1
and mpkCCDcl4 cells (Figure 3.9.). The majority of mCCDcl1 and mpkCCDcl4
cells stained positively for this intermediate cell marker with a large proportion
of those being scored as Aqp2+ Sec23b+. A small number of Aqp2- Sec23b+
cells were observed but no Aqp2+ Sec23b- cells were noted in any of the
images acquired.
A

mpkCCDcl4

Aqp2 / Sec23b / DAPI

Aqp2

Sec23b / DAPI

Sec23b

mCCDl1

Figure 3.9. Immunostaining of polarised mCCDcl1 and mpkCCDcl4 cell culture
DAPI only
Sec23B only
Aqp2 and Sec23B
on filters with
anti-Sec23b antibody,
as an intermediate
cell marker. Also

mCCDl1

shown merged with nuclear stain, DAPI. Scale bar= 20 𝜇m.
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CCDcl4

B

Sec23B only

Aqp2 and Sec23B

mpkCCDcl4

mCCDl1

DAPI only

Figure 3.10. Examples of different cell types scored in mCCDcl1 and
mpkCCDcl4 cells using anti-Aqp2 and anti-Sec23b antibodies. Arrows indicate
cell type of interest. Scale bar = 10 𝜇m.

RT-PCR was performed on cDNA from mCCDcl1 and mpkCCDcl4 cells using
primers designed for the intermediate cell markers Parm1 and Sec23b. Both
markers were found to be expressed further confirming the presence of
intermediate cell markers in mCCDcl1 and mpkCCDcl4 cells (Figure 3.11.).
Parm1
m

k

Sec23b
m

k

C1

C2
500 bp
400 bp
300 bp
200 bp
100 bp

Figure 3.11. Gel electrophoresis of RT-PCR products for Parm1 and Sec23b.
m= mCCDcl1 and k= mpkCCDcl4. C1 and C2 are no reverse transcriptase (using
pooled mCCDcl1 and mpkCCDcl4 cDNA) and no cDNA controls.
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3.3.2. Heterogeneity of mpkCCDcl4 single cell clones

Single cell cloning of mpkCCDcl4 cells was carried out using the serial dilution
method (see Section 2.2.4.) 5 clones were harvested from the 96-well plate
and 3 chosen for further study, based on their subtle morphological
differences.

mpkCCDcl4 clones and cells from the parental line were immunostained with
anti-Aqp2 and anti-V-ATPase B1 antibodies to investigate the cell types
present. Widespread expression of both Aqp2 and V-ATPase B1 was
observed in all clonal populations, with a high proportion of Apq2+ V-ATPase
B1+ cells observed. (Figure 3.12.). These results are similar to those noted in
the parental mpkCCDcl4 population and indicate the vertical transmission of
heterogeneity within the mpkCCDcl4 cell line.

Despite the predominance of PC+/IC+-like cells in all of the clonal populations,
subtle variation between the clonal populations was noted. Cells from Clone 1
appeared to have a higher proportion of Aqp2- V-ATPase B1- cells. Cells from
Clone 2 appeared to have higher expression of Aqp2, localized around cell
clusters, based on the number of cells and intensity of staining. There also
appeared to be a higher proportion of Aqp2+ V-ATPase B1- cells in this
population than in the other clonal populations. Cells from Clone 3 appear
similar to the parental mpkCCDcl4 cells in staining pattern, but with the
presence of a number of Aqp2+ V-ATPase B1- cells, although at lower
frequency than observed in cells from Clone 2.
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V-ATPase B1

Aqp2 / V-ATPase B1 / DAPI

Clone 3

Clone 2

Clone 1

Parental

Aqp2

Figure 3.12. Immunostaining of polarised mpkCCDcl4 cells from the parental
line and single cell clones cultured on filters with anti-Aqp2 and anti- V-ATPase
B1 antibodies, as PC and IC markers, respectively. Also shown merged with
nuclear stain, DAPI. Scale bar= 20 𝜇m.
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3.4. Discussion
3.4.1. Chapter summary

Polarised mpkCCDcl4 were characterised using antibodies for PC, IC and
intermediate cell markers to determine the heterogeneity of the cell line.
Similar to results reported in another immortalized CD epithelial cell line,
mCCDcl1, mpkCCDcl4 expressed markers for both PC and IC cells, Aqp2 and
V-ATPase B1, respectively, with the majority of positively stained cells
expressing both markers. Furthermore, RT-PCR results showed that transcript
for both of these proteins was present in the cell line, in addition to another
marker for each cell type, ENaC (PC) and Connexin30 (IC).

The dual PC+/IC+ phenotype observed in both confluent and dividing cells was
further investigated by staining against Parm1 and Sec23b, markers specific
to the intermediate PC+/IC+ cell cluster identified by RNA-Seq analysis of
primary mouse cells.88 These cells were determined not to be injured or
proliferating due to low expression of stress response and cell cycle genes,
legitimizing their distinct clustering. The extensive staining of mCCDcl1 and
mpkCCDcl4 with Parm1 and Sec23b reported here was supported by RT-PCR
results showing transcripts for both proteins were present in both cell lines.
These results indicate that the dual PC+/IC+ phenotype observed is not simply
a cell response to immortalized cell culture but a relevant cellular phenotype
that exists in vivo.

Sustained heterogeneity through single-cell cloning experiments indicates that
the mpkCCDcl4 cell line is inherently ‘plastic’, with the ability to form mixed cell
populations from distinct cell types. This finding is in line with previous work on
the mCCDcl1 cell line.21 These data suggest that the mpkCCDcl4 cell line and
other CD derived cell lines, such as the mCCDcl1 line can be used to study the
mechanisms of plasticity within the CD and further our understanding of cell
differentiation and repair mechanisms following injury.
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3.4.2. Variation in Aqp2 staining between experiments

A higher proportion of Aqp2+ cells (predominantly Aqp2+/Parm1+) were
observed in the experiments involving dual staining with anti-Aqp2 and antiParm1 antibodies compared with those involving dual staining with anti-Aqp2
and anti-V-ATPase B1 antibodies. In addition there was a difference noted in
the proportion of cells that did not stain for either marker tested i.e. Aqp2-/VATPase B1- or Aqp2-/Parm1- between the two dual staining experiments.
These observations held for both the mCCDcl1 and mpkCCDcl4 cell populations
studied.

Variable marker expression was noted between the single cell clonal
populations of the mpkCCDcl4 cell line and has been reported in mCCDcl1 single
cell clones in the literature21 and thus it is hypothesised that the above
described variation may be as a consequence of the identity of cells carried
through passages. In all staining experiments, regardless of markers and
passage, the majority of cells stained for both the PC and IC markers, Aqp2
and V-ATPase B1 or Aqp2 and the intermediate cell markers, Parm1 and
Sec23b and the observed variation may simply offer more evidence of the
heterogeneity of these cell lines.

3.4.3. Staining patterns in dividing mCCDcl1 cells

The widespread staining of Aqp2 in mCCDcl1 cells undergoing cell division
before becoming more localized in confluent cells, may be explained by the
reported role of the water channel in cell proliferation, migration and epithelial
morphogenesis.130,131 These studies suggest that the key mechanisms by
which Aqp2 aids cell division are its ability to regulate cell volume and its role
as an integrin-binding membrane protein. It has also been shown to play a role
in cell shrinkage as part of apoptosis.132 The thread-like staining pattern of V-
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ATPase B1 in dividing mCCDcl1 cells can also be explained by the literature.
V-ATPase trafficking is known to take place through the cytoskeleton, with
actin (a filamentous protein) binding directly to the V-ATPase B1 subunit.133

3.4.4. Localisation of protein expression

Orthogonal projections generated from z-stack images show the localisation
of Aqp2 at the apical membrane and Parm1 expressed throughout the cell.
The Parm1 staining pattern observed in mCCDcl1 and mpkCCDcl4 cells aligns
with previous reports of Parm1 expression in prostate cancer cells and rat
cardiac myocytes where the protein was localized to the endoplasmic
reticulum, Golgi apparatus and the plasma membrane.134,135 This observation
highlights the importance of using different focal planes when acquiring multichannel images; if the focal plane across all channels is optimized for Parm1,
this may be too low in the cell to detect apical expression of Aqp2.
Furthermore, the focal plane for apically expressed proteins is much higher
than that for the nuclear stain DAPI, which is essential for determining cell
number.

Z-stack images are a useful work-around for this problem but have a
significantly higher acquisition time and require more storage memory and
downstream analysis. To mitigate the need for z-stack images when counting
cells, Relative Focus Correction (RFC) on the Leica LAS X imaging software
was implemented. RFC allows multi-channel composite images to be acquired
at different focal planes in individual laser channels.
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4. Electrophysiological characterisation of the mpkCCDcl4 cell line

4.1. Introduction

To study reabsorption dynamics along the nephron, a number of techniques
are available, such as in vivo micro-puncture. This technique can provide
valuable information but relies on complex microsurgery and analysis of nL
volumes of fluid which make reproducing and interpreting data difficult136. In
contrast, in vitro electrophysiological experiments provide highly reproducible,
non-destructive methods of measuring epithelial activity on specific cell types
of the nephron. Such measurements can be made using a number of
techniques such as the Ussing chamber and epithelial volt-ohm-meters
(EVOM) that measures membrane potential, or transepithelial voltage (Vte),
and transepithelial resistance (Rte) across a monolayer of cultured cells. This
then allows the calculation of equivalent short circuit current (Ieq). A high Rte
indicates a ‘tight’ epithelium which infers that Vte measured is predominantly a
result of transcellular transport. In PCs, this technique allows the measurement
of ENaC mediated electrogenic Na+ transport.

To study Na+ transport in PCs, a suitable cell line is required that expresses
the required cellular machinery observed in vivo. Initially, Na+ transport had
been studied in ex vivo amphibian models such as frog skin or bladder or in
vitro using immortalized amphibian cell lines such as the A6 (frog kidney origin)
and TBM (toad bladder origin), before the introduction of mammalian models
such as M-1 and RCCD1 which are specific to the collecting duct108–110. Despite
these cell lines exhibiting high Rte, evidence of a mineralocorticoid receptor
(MR)-mediated

response

to

aldosterone,

AVP

and

insulin,

was

inconsistent101,102. The SV40 transformed mpkCCDcl4 cell line was developed
in response to this need for a consistently aldosterone-responsive mammalian
cell line for studying the effect of corticosteroid hormones on Na+ transport99.
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This line has since been used extensively to elucidate the mechanisms of Na+
regulation in the CD39,53,112,137.

As discussed in Chapter 3 both mCCDcl1 and mpkCCDcl4 cells lines are
heterogenous populations21, containing a significant proportion of transitional
cells, that express both PC and IC markers. Despite this heterogeneity, the
mCCDc1 cell line has been reported as retaining functional PC characteristics,
namely amiloride-sensitive ENaC-mediated Na+ transport, which is stimulated
by physiological aldosterone (3nM)21,105.

Although reports of baseline and aldosterone-stimulated ion transport in both
cell lines have been widely published21,99,105,112, the following data act as a
comparative data set for the expression of CD cell markers presented in
Chapter 3 enhancing the characterisation of the mpkCCDcl4 cell line in this
thesis.

4.2. Aim

This study aims to confirm the functional PC characteristics of the mpkCCDcl4
cell line by assessing baseline electrophysiology of the cells and their
electrometric response to aldosterone and the ENaC channel blocker,
amiloride. mCCDcl1 was used as a comparative control throughout.

4.3. Results

4.3.1. The development of electrophysiological properties of mpkCCDcl4
cells.

From the first measurement at 3 days after seeding, mpkCCDcl4 cells do not
appear greatly different from mCCDcl1 cells with Vte values of -36.0 ± 13.4 mV
in mCCDcl1 cells and -32.0 ± 5.8 mV in mpkCCDcl4 cells and Rte values of 1510
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± 580 Ω.cm2 in mCCDcl1 and were 2120 ± 280 Ω.cm2 in mpkCCDcl4 cells.
Despite these similarities, the development of the cell lines over the course of
10 days culture differed significantly. Analysis of electrophysiological
measurements was split between days 3-8 and days 8-10 as an indication of
the development of the cells grown in supplemented media and then the effect
of removing stimulants from the media from day 8.
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Difference between mCCDcl1 and mpkCCDcl4 linear regression models
Vte
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Figure 4.1. (Upper) Graphs of Vte and Rte measured and Ieq calculates from
polarized monolayers of mCCDcl1 and mpkCCDcl4 grown on permeable
supports for the course of 10 days. Values presented as mean ± S.D. (Lower)
Linear regression model statistics for Vte, Rte and Ieq for days 3-8 and days 810. Table entries relate to comparison between cell lines: *P<0.05, **P<0.01,
***P<0.001. § = calculation not possible as the lines differ too much. Elevation
of the linear regression models compares the magnitude of Vte, Rte and Ieq
across the time periods, between the two cell lines. Slope values indicate
differences in the rate of change of Vte, Rte and Ieq across the time periods.

The magnitude of Vte of both cell lines increased between day 3 and 8 whilst
in supplemented media (Figure 4.1.). The rate of change indicated by the slope
of the linear regression model fitted to both data sets indicated that the
response to culture was significantly different in the two cell lines in terms of
slope (P<0.05), as the magnitude of Vte increased at a faster rate for
mpkCCDcl4 cells reaching -101.0 ± 7.4 mV at day 8 compared with only -59.0
± 3.9 mV at day 8 for mCCDcl1 cells, almost half the value in the other cell line.
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The development of Rte also differed between the two cell lines, with the Rte of
mCCDcl1 cells generally increasing over the first 8 days of culture. The dip in
Rte observed in mCCDcl1 cells at day 8 can be explained by the measurement
timing – 24hrs after a change of stimulant containing media, compared with
48hrs for the previous time points. As a result, the linear regression model
does not fit the data as well as expected and no significant difference was
noted in the slope or elevation of the two lines created by each cell line. Despite
this, looking at the graphs it is clear that at the Rte values are going in opposite
directions – mCCDcl1 cells displayed increasing resistance (peaking at 2670 ±
430 Ωcm2 at day 7) whilst mpkCCDcl4 cells experienced decreasing Rte values
over the initial 8 days in culture, reaching a minimum at day 8 of 1170 ± 170
Ωcm2.

The Ieq values calculated from the Vte and Rte values also indicate a significant
difference in the two cell lines during the first 8 days of culture. Linear
regression models show a significant difference in the slope of the lines for
mCCDcl1 and mpkCCDcl4 between days 3 and 8 (P<0.05), reaching a
maximum value of -31 ± 3.2 µA/cm2 for mCCDcl1 and – 87 ± 13.0 µA/cm2 for
mpkCCDcl4 at day 8.

Removal of stimulants from the media elicited a similar response in both the
cell lines in terms of decreasing magnitude of Vte, increasing Rte and decrease
in Ieq magnitude. No significant difference was observed in the slope of Vte, Rte
or Ieq of the linear regression models of the two cell lines between days 8 and
10 although the elevations were significantly different having started with vastly
different day 8 values (P<0.01). This resulted in very different day 10 values,
or baseline values for the subsequent experiments, for example Ieq in mCCDcl1
cells was 9.0 ± 2.0 µA/cm2 compared with -48.0 ± 11.7 µA/cm2, a value 5 times
greater in magnitude.
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4.3.2. The effect of 3nM aldosterone on Na+ transport in mpkCCDcl4 cells

The effect of aldosterone (3nM, 3hrs) was tested on the mCCDcl1 cells as
previously reported.21 Aldosterone treatment induced hyperpolarization of Vte
and reduced Rte, resulting in a 2.3 ± 0.4-fold increase in Ieq from a baseline of
-9.5 ± 1.6 µA/cm2 to -23.3 ± 3.0 µA/cm2. (Figure 4.2. and Table 4.1.) The
change in Vte and Ieq win response to aldosterone were significantly different
between vehicle and aldosterone treatments groups for mCCDcl1 cells (Vte
slopes: P<0.05, Ieq slopes: P<0.001). Note that the baseline values differ
slightly from those quoted in the day 3-8 results as baseline values in this
section refer only to the cells that were then treated with aldosterone and not
averaged across all cells regardless of future vehicle or aldosterone treatment,
as in the day 3-8 data.
Subsequent treatment of mCCDcl1 cells with the ENaC channel blocker
amiloride caused a depolarization of Vte and increase in Rte. A small remaining
Ieq of -1.1 ± 0.8 µA/cm2 was calculated in the aldosterone group and -0.9 ± 1.8
µA/cm2 in the vehicle treated group. The amiloride-sensitive current (Iami) of
aldosterone-treated cells was over 2 times greater than that of vehicle-treated
cells, at -22.2 ± 4.0 µA/cm2 compared with -9.8 ± 4.0 µA/cm2.
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Figure 4.2. Graphs of Vte and Rte measured and Ieq calculated from monolayers
of mCCDcl1 and mpkCCDcl4 treated with 3nM aldosterone for 3 hrs and
subsequently 10µM amiloride for 10 mins. Arrows in first graph visually indicate
timing of aldosterone and amiloride additions (timings apply to all graphs).
Values presented as mean ± S.D.

mCCDcl1

Vte (mV)
Rte
(Ω.cm2)
Ieq
(µA/cm2)
Iami
(µA/cm2)

Baseline ±

3h treatment ±

Amiloride 10m ±

S.D.

S.D.

S.D.

Vehicle

-25.7 ± 7.6

-31.5 ± 5.7

-5.3 ± 8.9

3nM Aldo

-29.0 ± 4.7

-49.0 ± 4.8

-5.5 ± 4.7

Vehicle

3200 ± 650

2920 ± 310

4840 ± 1050

3nM Aldo

3090 ± 560

2120 ± 230

4560 ± 810

Vehicle

-9.0 ± 1.6

-10.7 ± 2.3

-0.9 ± 1.8

3nM Aldo

-9.5 ± 1.6

-23.3 ± 3.0

-1.1 ± 0.8

Vehicle

-9.8 ± 4.0

3nM Aldo

-22.2 ± 4.0

mpkCCDcl4

Vte (mV)
Rte
(Ω.cm2)
Ieq
(µA/cm2)
Iami
(µA/cm2)

Baseline ±

3h treatment ±

Amiloride 10m ±

S.D.

S.D.

S.D.

Vehicle

-89.8 ± 6.7

-93.1 ± 6.4

-30.0 ± 10.4

3nM Aldo

-85.8 ± 11.1

-90.8 ± 8.7

-37.9 ± 13.7

Vehicle

2010 ± 310

2020 ± 350

6370 ± 610

3nM Aldo

2000 ± 390

1930 ± 370

5750 ± 1140

Vehicle

-45.4 ± 6.1

-47.3 ± 8.3

-4.9 ± 2.0

3nM Aldo

-43.7 ± 6.6

-48.5 ± 8.3

-7.5 ± 4.2

Vehicle

-42.4 ± 7.3

3nM Aldo

-41.1 ± 6.8
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Table 4.1. Table of electrophysiology measurements for mCCDcl1 and
mpkCCDcl4 following 3hrs aldosterone treatment (3 nM) or vehicle and 10 mins
amiloride treatment (10 µM). Values are presented as mean ± S.D.
When treated with aldosterone, mpkCCDcl4 cells did not show a significant
change in Vte, with no significant difference between the vehicle and
aldosterone treated groups. Furthermore, the lines created between t=0 mins
and t=180 mins were not significantly non-zero for either vehicle or aldosterone
treated groups indicating no Vte response in mpkCCDcl4 cells to aldosterone.
The Rte response was similar in that there was no significant difference
between vehicle and treated groups responses to aldosterone, but the line
between t=0 mins and t=180 mins was significantly non-zero indicating a
whisper of a Rte response (from 2000 ± 390 Ω.cm2 at t=0 mins to 1930 ± 370
Ω.cm2 at t=180 mins), albeit not statistically different from the vehicle. This was
then reflected in the calculated Ieq values which showed no significant
difference in line slope or elevation between vehicle and aldosterone-treated
cells, but the aldosterone-treated cells showed a line from t=0 mins to t=180
mins that was significantly non-zero. Ieq was calculated as -45.4 ± 6.1 µA/cm2
at t=0 mins and -47.3 ± 8.3 µA/cm2 at t=180 mins in vehicle-treated cells and 43.7 ± 6.6 µA/cm2 at t=0 mins and -48.5 ± 8.3 µA/cm2 at t=180 mins in
aldosterone-treated cells.

Application of amiloride produced a reaction in the mpkCCDcl4 cells, causing
depolarization of Vte and increases in Rte in both vehicle and aldosteronetreated cells with a remaining Ieq of -4.9 ± 2.0 µA/cm2 and -7.5 ± 4.2 µA/cm2,
respectively. The Iami of vehicle and aldosterone-treated cells was calculated
as -42.4 ± 7.3 µA/cm2 and -41.1 ± 6.8 µA/cm2, respectively.

Although amiloride inhibited ion transport in mpkCCDcl4 cells, as indicated by
reductions in Vte, Ieq and increases in Rte, a large Vte remained after application.
In mCCDcl1 cells, Vte remaining after amiloride was -5.3 ± 8.9 mV and -5.5 ±
4.7 mV for vehicle and aldosterone-treated cells, respectively. For mpkCCDcl4
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cells, the remaining Vte after amiloride was around 6 times greater, at -30.0 ±
10.4 mV for vehicle-treated cells and -37.9 ± 13.7 mV for aldosterone treated
cells. Higher Rte values in mpkCCDcl4 cells than mCCDcl1 cells combined with
larger Vte values, contribute to post-amiloride Ieq values up to 7 times greater
in mpkCCDcl4 cells - -4.9 ± 2.0 µA/cm2 and -7.5 ± 4.2 µA/cm2 for vehicle and
aldosterone-treated mpkCCDcl1 cells, respectively, compared with -0.9 ± 1.8
µA/cm2 and -1.1 ± 0.8 µA/cm2 in vehicle and aldosterone-treated mCCDcl1
cells, respectively.

4.3.3. The comparative development of electrophysiological properties of
mpkCCDcl4 cells by seeding density.

The seeding method was changed to investigate the effect on Vte and Rte
development. In previous experiments cells were seeded using a split ratio, as
described in Materials and Methods. Retrospective calculations of cell
suspensions determined that the split ratio method seeded an average of
120,000 cells/cm2 for mpkCCDcl4 and 107,000 cells/cm2 for mCCDcl1 cells. As
an alternative method, cells from both lines were counted prior to seeding and
then 100,000 cells added to each filter (at a density of 90,000 cells/cm2). Split
ratio experiments shall be referred to as SR and cell counting experiments as
CC.

Vte and Rte measurements taken for mCCDcl1 cells seeded using the cell
counting method were lower in magnitude at day 3 than those seeded using
the split ratio method -16.0 ± 7.2 mV and 820 ± 380 Ω.cm2, and -36.0 ± 13.4
mV and 1510 ± 580 Ω.cm2, respectively. This is likely due to lower cell number
and hence lower transport capabilities as over time the values between the
groups became closer as the confluent monolayer developed e.g. at day 8 the
corresponding values were -53.0 ± 3.9 mV and 1780 ± 170 Ω.cm2 for CC cells
and -59.0 ± 3.9 mV and 1910 ± 200 Ω.cm2 for SR cells. Over the course of 10
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days in cell culture, be that in supplemented media or stimulant free media,
mCCDcl1 cells seeded by either method exhibited similar trends in the
development of Vte, Rte and Ieq and linear regression analysis of the
development from days 3-8 and 8-10 identified no significant difference
between the two groups indicating that the seeding method/ density had no
discernible impact on the development of electrophysiological properties in the
mCCDcl1 cells.

The development of electrophysiological properties in the mpkCCDcl4 cells
appeared to be more influenced by the seeding method and density than in
the mCCDcl1 cells. The linear regression models fitted to the SR and CC data
for days 3-8 indicate the slopes of the lines fitted were not statistically different
for Vte, Rte or Ieq which suggests that the cells are responding with a similar
rate of change but given the statistically significant differences in elevation for
Vte (P<0.01), Rte (P<0.001) and Ieq (P<0.05), the differences from first
measurement on day 3 were maintained through culture in supplemented
media. This is in contrast to the mCCDcl1 cells seeded by CC which recovered
to similar Vte and Rte values by day 8.

Upon removal of stimulants from the media (days 8-10), the Vte values for
mpkCCDcl4 cells, differed between cells seeded by SR and CC. It is expected
that cells will decrease Vte values as ion transport is no longer stimulated, yet
in the CC cells the magnitude of Vte increased between days 8 and 9 which
also skews the Ieq values. In this case, the linear regression model does not fit
well into the data here as a method of analysing the trends. Even in SR seeded
mpkCCDcl4 cells, the reduction in Vte in response to removal of stimulants from
the media was not dramatic and remained much higher than in unstimulated
mCCDcl1 cells. Day 9 and 10 values for mpkCCDcl4 cells then followed a similar
pattern for SR and CC seeded cells, albeit at different line elevations –
reaching a baseline (day 10) value for Vte of -90.0 ± 5.2 mV and -82.0 ± 10.0
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mV, respectively. Similarly baseline Rte values were 1970 ± 460 Ω.cm2 and
1300 ± 100 Ω.cm2, for SR and CC, respectively.
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Figure 4.3. (Upper) Graphs of Vte and Rte measured across monolayers of
mCCDcl1 and mpkCCDcl4 seeded using split ratio or cell counting seeding
method. Values presented as mean ± S.D. (Lower) Linear regression model
statistics for Vte, Rte and Ieq for days 3-8 and days 8-10. Table entries relate to
comparison between cell lines: *P<0.05, **P<0.01, ***P<0.001. Elevation of
the linear regression models compares the magnitude of Vte, Rte and Ieq across
the time periods, between the two cell lines. Slope values indicate differences
in the rate of change of Vte, Rte and Ieq across the time periods.

Overall, the development of electrophysiological properties of the mpkCCDcl4
cells in supplemented media were markedly different between seeding method
groups, but this significant difference in values and development trend was not
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observed if measurements were only taken on day 10 as a baseline for the
aldosterone experiment.

4.3.4. The comparative effect of 3nM aldosterone on Na+ transport in
mpkCCDcl4 cells by seeding method.

mCCDcl1 cells seeded by CC behaved similarly to SR cells in terms of
hyperpolarisation of Vte induced by aldosterone treatment and almost
complete inhibition of Ieq by amiloride treatment. Linear regression models
indicate no significant difference in mCCDcl1 seeded using SR or CC methods,
in terms of Vte or Ieq response to aldosterone or amiloride. The only difference
in response was noted in Rte where the elevation of the linear regression model
for aldosterone treated mpkCCDcl4 cells was significantly different (P<0.05)
between SR and CC groups although the slopes were determined as not
significantly different. In SR mCCDcl1 cells, Rte fell from 3090 ± 560 Ω.cm2 at
baseline to 2120 ± 230 Ω.cm2 after 3hrs aldosterone treatment compared with
a drop from 3250 ± 340 to 2540 ± 200 Ω.cm2 in CC cells.

Iami values were similar between SR and CC groups, at -9.9 ± 4.0 µA/cm2 and
-8.8 ± 3.0 µA/cm2 for vehicle-treated cells and -22.2 ± 4.0 µA/cm2 and -19.4 ±
2.0 µA/cm2 for aldosterone-treated cells, respectively.
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Figure 4.4. Vte and Rte measured across monolayers of mCCDcl1 and
mpkCCDcl4 treated with 3nM aldosterone for 3 hours and subsequently 10µM
amiloride for 10 mins. Arrows in first graph visually indicate timing of
aldosterone and amiloride additions (timings apply to all graphs). Cells were
seeded using either the split ratio (SR) or cell counting (CC) method. Values
presented as mean ± S.D.

mCCDcl1 Split ratio

Vte (mV)
Rte
(Ω.cm2)
Ieq
(µA/cm2)
Iami
(µA/cm2)

Baseline ±

3h treatment ±

Amiloride 10m ±

S.D.

S.D.

S.D.

Vehicle

-25.7 ± 7.6

-31.5 ± 5.7

-5.3 ± 8.9

3nM Aldo

-29.0 ± 4.7

-49.0 ± 4.8

-5.5 ± 4.7

Vehicle

3200 ± 650

2920 ± 310

4840 ± 1050

3nM Aldo

3090 ± 560

2120 ± 230

4560 ± 810

Vehicle

-9.0 ± 1.6

-10.7 ± 2.3

-0.9 ± 1.8

3nM Aldo

-9.5 ± 1.6

-23.3 ± 3.0

-1.1 ± 0.8

Vehicle

-9.8 ± 4.0

3nM Aldo

-22.2 ± 4.0

mCCDcl1 Cell count

Vte (mV)
Rte
(Ω.cm2)
Ieq
(µA/cm2)

Baseline ±

3h treatment ±

Amiloride 10m ±

S.D.

S.D.

S.D.

Vehicle

-24.4 ± 3.7

-27.6 ± 6.1

-5.1 ± 6.1

3nM Aldo

-26.8 ± 3.6

-51.4 ± 4.0

-7.1 ± 7.0

Vehicle

2890 ± 520

2820 ± 500

5260 ± 550

3nM Aldo

3250 ± 340

2540 ± 220

5350 ± 790

Vehicle

-8.6 ± 1.0

-9.7 ±1.9

-1.0 ± 1.2

3nM Aldo

-8.5 ± 1.7

-20.8 ± 2.2

-1.4 ± 1.3

Vehicle

-8.7 ± 3.0
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Iami

3nM Aldo

-19.4 ± 2.0

(µA/cm2)

Table 4.2. Comparative electrophysiology measurements for mCCDcl1 seeded
using split ratio and cell counting methods grown for 10 days prior to
experiment. Values correspond to baseline measurements, after 3hrs
aldosterone treatment and subsequent 10 mins amiloride treatment. Values
are presented as mean ± S.D.

mpkCCDcl4 Split ratio

Vte (mV)
Rte
(Ω.cm2)
Ieq
(µA/cm2)
Iami
(µA/cm2)

Baseline ±

3h treatment ±

Amiloride 10m ±

S.D.

S.D.

S.D.

Vehicle

-89.8 ± 6.7

-93.1 ± 6.4

-30.0 ± 10.4

3nM Aldo

-85.8 ± 11.1

-90.8 ± 8.7

-37.9 ± 13.7

Vehicle

2000 ± 300

2000 ± 350

6350 ± 600

3nM Aldo

2000 ± 400

1950 ± 350

5750 ± 1150

Vehicle

-45.4 ± 6.1

-47.3 ± 8.3

-4.9 ± 2.0

3nM Aldo

-43.7 ± 6.6

-48.5 ± 8.3

-7.5 ± 4.2

Vehicle

-42.4 ± 7.3

3nM Aldo

-41.1 ± 6.8

mpkCCDcl4 Cell count

Vte (mV)
Rte
(Ω.cm2)
Ieq
(µA/cm2)

Baseline ±

3h treatment ±

Amiloride 10m ±

S.D.

S.D.

S.D.

Vehicle

-89.5 ± 2.4

-88.3 ± 3.5

-27.4 ± 8.4

3nM Aldo

-88.2 ± 3.6

-87.2 ± 3.1

-30.2 12.8

Vehicle

1530.0 ± 270

1530.0 ± 280

3990.0 ± 1540

3nM Aldo

1580.0 ± 270

1580.0 ± 300

4440.0 ± 1590

Vehicle

-60.4 ± 11.5

-59.7 ± 12.2

-10.1 ± 8.3

3nM Aldo

-57.5 ± 10.5

-56.9 ± 10.8

-6.5 ± 1.2

Vehicle

-49.7 ± 8.8
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Iami

3nM Aldo

(µA/cm2)

-50.4 ± 12.7

Table 4.3. Comparative electrophysiology measurements for mpkCCDcl4
seeded using split ratio and cell counting method grown for 10 days prior to
experiment. Values correspond to baseline measurements, then following 3hrs
aldosterone treatment (3 nM) or vehicle and then 10 mins amiloride treatment
(10 µM).

Greater differences between seeding density cells were noted in mpkCCDcl4
cells treated with aldosterone and amiloride but in terms of absolute values
(elevation in linear regression model) and not the rate of change in response
to aldosterone (slope in linear regression model). Baseline Vte values were
similar in SR and CC seeded mpkCCDcl4 cells, -90.0 ± 5.2 mV and -82.0 ± 10.0
mV, respectively.

Rte response to aldosterone was not different between the seeding density
groups (not significantly different slope of linear regression model) but the
elevation was significantly different (P<0.01 between vehicle treated groups
and P<0.05 between aldosterone treated groups) due to differences in
baseline Rte values – 1970 ± 460 Ω.cm2 in SR and 1300 ± 100 Ω.cm2
mpkCCDcl4 cells. Unlike in SR seeded mpkCCDcl4 cells, the linear regression
model for aldosterone treated cells was determined as not significantly nonzero, indicating no response to aldosterone. Again no significant difference
between vehicle and aldosterone treated cells was noted.

Similar to Rte, Ieq response to aldosterone was unaffected by seeding method,
with no significant response in Ieq to aldosterone but with significant differences
in elevation of the linear regression model (P<0.01 for both vehicle and
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aldosterone groups compared between SR and CC seeded cells) from the
differences in baseline values being maintained.

Vehicle-treated mpkCCDcl4 cells behaved differently in response to amiloride
in terms of Rte, with a significantly greater increase in Rte observed in CC
vehicle-treated cells compared with SR treated cells, from 1530 ± 280 Ω.cm2
to 3990 ± 1540 Ω.cm2 and from 2020 ± 350 Ω.cm2 to 6370 ± 1140 Ω.cm2
respectively. No significant difference was noted between aldosterone-treated
mpkCCDcl4 cells seeded by either SR or CC in terms of response to amiloride
despite mean values for amiloride-treated cells being quite different, 5760 ±
1140 Ω.cm2 and 4440 ± 1590, respectively. The large standard deviation in the
values may explain the lack of significant difference observed.

Amiloride treatment inhibited Ieq values to similar values for CC and SR
mpkCCDcl4 cells but because of great Ieq observed in SR cells at baseline and
maintained through aldosterone treatment, Iami values are greater for SR than
CC at -42.4 ± 7.3 µA/cm2 and -49.7 ± 8.8 µA/cm2 for vehicle treated cells and
-41.1 ± 6.8 µA/cm2 and -50.4 ± 12.8 µA/cm2, respectively. Regardless of
seeding method, Iami values are far greater than those for mCCDcl1 cells.

4.4. Discussion

4.4.1. Chapter summary

Polarised mpkCCDcl4 cells were cultured for 10 days and electrophysiological
measurements taken to assess the development of the resistive monolayer
and ion transport in the cells. This was then followed by monitoring of the
electrophysiological response of the cells to aldosterone and amiloride. All
experiments were completed in parallel with mCCDcl1 as a comparative control
as data on this has been previously published21. Comparatively to mCCDcl1,
mpkCCDcl4 cells exhibited markedly different properties, with far greater Vte
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values across the 10 days of preparatory culture, and falling Rte values across
the same time period, compared with increasing Rte values in the mCCDcl1
cells. Although both cell lines responded to removal of stimulants from the
media, mpkCCDcl4 cells exhibited a larger remaining (baseline) Vte and Ieq and
lower Rte.

The application of aldosterone did not generate a significant response in the
Vte, Rte or Ieq of mpkCCDcl4 cells unlike in the mCCDcl1 cells and although both
cell lines responded to the ENaC channel blocker, amiloride, a larger residual
current was observed in the mpkCCDcl4 cells.

A different seeding method and lower seeding density were tested to assess
whether this would bring the measured values in line with previous reports but
although the higher-than-expected Vte and Ieq values were reduced, these
remained still greater than mCCDcl1 cells and previous reports. The falling
pattern of Rte was also unchanged by the change in seeding. Removal of
stimulants from the media reduced the differences between the cells from the
two seeding methods with the only significant difference being in elevation of
the Rte linear regression model. The electrophysiological development of the
mCCDcl1 cells was largely unaffected by the change in seeding method and
density with no significant difference in the Vte, Rte or Ieq over the time periods
of days 3-8 or days 8-10.

4.4.2. The comparative development of electrophysiological properties

When cultured on permeable membranes, both mCCDcl1 and mpkCCDcl4 cell
lines developed a resistive monolayer exhibiting spontaneous current. Despite
this, significant variation was observed between the cell lines over the course
of 10 days culture. mCCDcl1 cells displayed increasing Vte over 8 days,
reaching a baseline Ieq of -9.0 ± 2.0 µA/cm2 upon removal of stimulants from
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the media, in line with previous reports21,55,104,105, but far lower than the
baseline Ieq values recorded in mpkCCDcl4 cells at -48.0 ± 11.7 µA/cm2.
Although a difference has been previously reported, baseline Ieq in mpkCCDcl4
cells here was greater than in the literature99,111,138. Baseline Na+ transport in
hormone deprived mpkCCDcl4 has been attributed to in part, to the
phosphatidylinositol-3-kinase

(PI3K)

signalling

pathway,

although

pharmacological inhibition of this pathway only leads to a ~30-40% reduction
in Ieq suggesting that other signalling pathways are involved138. It is possible
that dysregulation in one of these signalling pathways is the cause of the high
basal current observed when mpkCCDcl4 cells are hormone-deprived.

mpkCCDcl4 cells developed a similar Vte pattern to mCCDcl1, increasing in
magnitude over the course of culture in stimulant supplemented media
although Vte values for mpkCCDcl4 were greater from first measurement and
increased at a faster rate than mCCDcl1 cells giving a baseline value of -90.0
± 5.2 mV compared with -28.0 ± 4.1 mV for mCCDcl1 cells. Rte values were
also significantly different from mCCDcl1. Resistance steadily decreased over
8 days cultured in complete media but maintained a resistive monolayer typical
of the CD (Rte > 1000 Ω.cm2) exhibiting spontaneous current. Baseline Rte,
1970 ± 460 Ω.cm2, was half that reported in the literature99. These values were
determined not to be related to the stock of cells, as independent verification
with a different stock, yielded similar results.

Rte acts as an indicator of epithelial monolayer integrity and permeability and
is an indirect measure of tight junction formation. The formation of tight
junctions increases cell adhesion and allows for membrane polarity139. In the
CD, numerous tight junction proteins are expressed creating a ‘tight’
monolayer capable of selective transcellular ion transport6. It is expected that
cultured epithelial cells will display increasing Rte indicating the development
of tight junctions21,140. Although mpkCCDcl4 cells exhibited decreasing
resistance, high Rte was sustained, demonstrating that a resistive monolayer
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and selective transcellular ion transport, key properties of the CD, were
maintained.

4.4.3. Inconsistent aldosterone response between mCCDcl1 and mpkCCDcl4
cells

A number of differences were observed in the aldosterone response of
mCCDcl1 and mpkCCDcl4 cells in this study. mCCDcl1 cells responded to a 3hr
treatment with 3nM aldosterone with an increase in Vte magnitude, decrease
in Rte and subsequent increase in magnitude of Ieq which was almost
completely inhibited by application of the ENaC blocker, amiloride. Although
the response to aldosterone by mCCDcl1 investigated here was smaller than
previously reported, a 2.3 ± 0.4 fold increase in Ieq to -23.3 ± 3.0 µA/cm2
compared with a 3.8 fold increase to -34.0 ± 0.2 µA/cm2, Na+ transport across
the cells is clearly stimulated21. The significantly larger Iami of mCCDcl1 treated
with aldosterone (-22.4 ± 4.0 µA/cm2), compared with vehicle only (-9.8 ± 4.0
µA/cm2), indicated that aldosterone treatment significantly increased ENaC
mediated Na+ transport in the mCCDcl1 cells. This ‘early phase’ response
(peaking at 3hr) has been attributed to MR activation whilst longer treatments
with higher concentrations of aldosterone induce a ‘late phase’ response with
a larger and longer lasting increase in Na+ transport attributed to dual
occupation of MR and GR55.

As discussed, baseline Ieq values for mpkCCDcl4 were notably large compared
with the literature. Furthermore, the Vte, Rte and Ieq values did not change
significantly for aldosterone treated mpkCCDcl4 cells compared with those
treated with vehicle only. Despite this, the linear regression model of Rte
suggested that the line of aldosterone treatment was significantly non-zero,
but this was not found in CC mpkCCDcl4 cells. Overall, this indicates that the
mpkCCDcl4 cells did not respond to the aldosterone treatment. Aldosterone
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resistance has been reported as a consequence of nephron-specific MR
inactivation in vivo but the presence of MR in the mpkCCDcl4 cell line was
confirmed in the origin paper using RT-PCR and steroid binding studies so it
is unlikely that the lack of aldosterone reported was as a result of MR
deficiency141.

Identical media, drug stocks and dilutions were used in parallel for mCCDcl1
and mpkCCDcl4 and hence these can be eliminated as the cause of differences
observed between cell lines. Furthermore, testing with a different stock of
mpkCCDcl4 cells yielded similar results, nor did seeding method influence the
electrometric response of mpkCCDcl4 to aldosterone.

The literature describing the origin of mpkCCDcl4 cells, reported a very small
increase in Ieq upon 3hr treatment of 0.1nM aldosterone of cells (using an
Ussing chamber not an EVOM volt-ohm-meter as used here), although a dosedependent response of the cells to aldosterone is noted, peaking at 1µM
aldosterone99. In this paper it was also reported that the GR antagonist RU486
inhibited the majority of Ieq stimulated by higher concentrations of aldosterone
but had no effect on the Ieq increase observed upon treatment of 0.1nM
aldosterone. These results indicate that the primary mode of Na+ transport in
the mpkCCDcl4 cell line is through activation of the GR, although at low
concentrations of aldosterone, a very small MR response is observed. A high
concentration of aldosterone is required to elicit an GR response because of
the lower affinity of aldosterone for the GR, compared with the MR.

Subsequent reports of aldosterone-stimulated increases in Ieq in mpkCCDcl4
have used concentrations in the low µM / high nM region further indicating that
higher concentrations are required to elicit a large increase in Ieq via the
GR39,137,142. The experiments reported here were carried out using 3nM
aldosterone as a physiologically-relevant concentration that has been shown
to exhibit an increase in Na+ transport in mCCDcl121,143. Using aldosterone
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concentrations of 1µM complicates extrapolations to the in vivo situation as
cells are unlikely to be exposed to such concentrations, three orders of
magnitude greater than those observed in WT mice, even in a
pathophysiological context143. Plasma aldosterone levels have been shown to
increase in rats fed on a low salt diet144,145, but only reaching a peak
concentration of up to 52nM. Even in mouse models of hyperaldosteronism,
peak plasma aldosterone levels do not reach 1µM146–148.

Despite not responding to aldosterone, mpkCCDcl4 cells did respond to the
ENaC channel blocker amiloride but leaving a greater residual Vte than seen
in the mCCDcl1 cells (-37.9 ± 13.7 mV c.f. -5.5 ± 4.7mV) and no significant
difference was noted in the amiloride sensitive current of the vehicle and
aldosterone treated mpkCCDcl4 cells. The identity of the cation responsible for
the residual current was not determined from this experiment but is
hypothesised to be K+ as this cation has been shown to be responsible for the
residual current in mCCDcl1 cells after amiloride treatment, primarily through
ROMK channels149.

4.4.4. Cell seeding

Cell seeding by CC did not alter the rate of change of Rte development of
mCCDcl1 or mpkCCDcl4 compared with SR although absolute values for Rte
were consistently lower for both cell lines using the CC seeding method
compared with SR. Baseline Rte of mpkCCDcl4 seeded by CC remained well
below that of the literature at 1300 ± 100 Ω.cm2.

Although cells were not counted using the SR method, it was determined that
this method is likely to have seeded cells at higher density; cell counting of
undiluted cell suspensions during CC experiments indicated that SR would
have resulted in an approximate seeding density of 120,000 cells/cm2 and
107,000 cells/cm2 for mpkCCDcl4 and mCCDcl1, respectively, compared with
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90,000 cells/cm2 for both cell lines using CC. The smaller difference in
predicted seeding densities for mCCDcl1 by SR and CC may explain the
smaller variation in Vte and Ieq observed between SR and CC cells, compared
with the CC seeded mpkCCDcl4 which struggled to recover to SR levels over
the course of eight days in stimulant supplemented media. Removal of the
stimulants did reduce the difference between the groups but variation between
was still deemed significant in terms of Rte.

A lower seeding density has previously been shown to influence Rte values
even over the course of 14 days culture in epithelial cells of the lung. Derk et
al demonstrated consistently lower Rte values of Calu-3 cells across 14 days
of culture when seeded at lower densities140. Particularly low seeding densities
were also shown to result in the failure of cells to develop a confluent
monolayer. Evidently, seeding density is important in the development of Rte
and the lack of recovery in Rte between groups of varying seeding density over
a number of days indicates that the seeding density has an important role in
the development and maintenance of tight junctions. Further investigation of
this looking at expression of tight junction membrane proteins over the time
course of culture would be interesting but is beyond the scope of this current
study.

It is worth noting that seeding density is not the only factor that can alter Rte
development. Differences in FBS concentration, measurement apparatus and
polymer insert material can all affect Rte although these factors all remained
constant throughout the reported experiments140,150. Furthermore, single cell
clones

of

mCCDcl1 cells

have

been

shown

to

exhibit

different

electrophysiological properties from parental cells, suggesting that a certain
level of variation is expected within inherently plastic, heterogeneous CD cell
lines21.
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5. mpkCCDcl4 Characterisation: scRNA-Seq analysis

5.1. Introduction

Given the complexity of the CD in terms of cell type and overlapping
expression in the recently defined intermediate cell type, unbiased analysis
tools for defining cell types are required to truly characterise cell types and to
study the relationships between them. scRNA-Seq is a powerful tool that
allows for such analysis.

In relation to the collecting duct, scRNA-Seq has allowed the transcriptional
characterisation of the intermediate cell type that has previously been
described only by co-expression of canonical PC and IC markers84,118. Little is
known about the function of this cell type in healthy or pathophysiological
states but now having the toolkit of specific markers for this cell type will aid
further research in this area. Given the presence, and often co-expression of,
PC, IC and intermediate cell markers in mCCDcl1 and mpkCCDcl4 cells, as
reported in this work, scRNA-Seq is a suitable tool for investigating the
complex nature of these cells.

Although reports of scRNA-Seq in the mouse kidney and in mCCDcl1 cells have
been published84,118,151, this is the first scRNA-Seq analysis of the mpkCCDcl4
cell line. The following data act as a comparative data set for the expression
of CD cell markers presented in Chapter 3. and as an investigation of the
electrophysiological properties of the mpkCCDcl4 cell line reported in Chapter
4.
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5.2. Aim

To investigate the transcript expression patterns of the mCCDcl1 and
mpkCCDcl4 cell lines using scRNA-Seq data and to analyse these as a means
of investigating the cell type populations within these lines.

5.3. Results
5.3.1. General clustering pattern of mpkCCDcl4 cells and pseudotime analysis

mpkCCDcl4 cells were clustered by similar gene expression using a tdistributed stochastic neighbour embedding (t-SNE) plot (Figure 5.1.). Three
clusters were identified at resolution 0.1 by unsupervised clustering. The
number and percentage of cells per cluster are shown in the following table.
Most cells (70.6%) were in cluster 0 with cluster 2 containing only 6.0% of the
total population.

The determination of 3 clusters and their relative sizes and location in the tSNE
plot might suggest the presence of the PC+, IC+ and the PC+/IC+ phenotype
between these cell types in the data. Investigation of these clusters determined
this not to be the case, as might be expected from the immunostaining patterns
observed in Chapter 3.
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Cluster

mpkCCDcl4

0

5123/ 70.6%

1

1694/ 23.4%

2

437/ 6.0%

Total # / %

7254/ 100%

Figure 5.1. t-SNE plot visualising cluster assignments of mpkCCDcl4 cells at
resolution 0.3. Accompanying table outlining number/ proportion of cells per
cluster.

A heat map of the 10 most differentially expressed genes for each cluster is
shown in Figure 5.2. Genes were searched in the UniProtKB database for
molecular function and associated biological processes. Identified genes in
cluster 0 were associated with metabolic processes e.g. Cbr2 (encodes for
Carbonyl reductase [NADPH] 2) and MtCo2 (encodes for Mitochondrially
encoded cytochrome c oxidase subunit 2). Two of the genes were also
identified as being PC markers- Fxyd4 and Spink8. Top genes in cluster 1 were
associated with cell division (in particular mitosis) such as Cenpa (encodes for
Centromere protein A) and Ube2c (encodes for Ubiquitin conjugating enzyme
E2 C). Top genes in cluster 2 were associated with cell proliferation and
differentiation including Nupr1 and Npm1 which both encode for proteins
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(Nuclear protein 1 and Nucleophosmin, respectively) that participate in
negative regulation of epithelial cell proliferation.

0

Metabolic
processes

1

2

Cell Cell proliferation
and
division
differentiation

Figure 5.2. Heat map displaying the top 10 differentially expressed genes by
cluster identified in mpkCCDcl4 cells and the general function of the genes by
cluster.

One of the highlighted genes of cluster 0, Fxyd4 which encodes for a
regulatory protein for aldosterone receptors, was identified by Park et al 2018
as a distinct PC marker84. The other identified PC maker, Spink8, encodes for
a serine protease inhibitor and its expression is induced by aldosterone152,153.
It should be noted that the paper identifying Spink8 as a PC marker, did not
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discuss the presence of an intermediate cell type and compared only transcript
differences between PC and IC cells.

The Monocle algorithm was used to perform cell trajectory analysis creating a
pseudotime plot shown below (Figure 5.3.). Given the lack of distinct clustering
by CD epithelial cell type, the pseudotime analysis did not identify a
differentiation pathway between cell types but instead appears to differentiate
between cells in cluster 0 and those in cluster 1 and 2 as being opposite end
points of the trajectory. Differentially expressed genes in cluster 1 and 2 were
related to cell division and proliferation and so the pseudotime projection
indicates cells moving between proliferation/ division and a stable state with
greater PC character. This is corroborated by the feature plot identifying PC
marker, Fxyd4 (differentially expressed in cluster 0) and cell cycle gene, Pclaf
(differentially expressed in cluster 1) shown alongside the pseudotime plot.

Figure 5.3. Pseudotime analysis plot for mpkCCDcl4 cells (left) and feature plot
showing the expression of a PC marker (Fxyd4) predominantly expressed in
cluster 0 compared with a cell cycle marker (Pclaf) predominantly expressed
in cluster 1 (right).
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5.3.2. Identification of classical CD cell type markers in mpkCCDcl4 cells

Canonical PC markers and those identified by Park et al. 2018 were compared
to identify any cell type correlation by cluster. As mentioned above, the PC
marker, Fxyd4, is highly expressed in cluster 0 but the violin plot displayed in
Figure 5.4. shows that the gene is expressed in clusters 1 and 2 also, albeit at
lower levels. Similarly, PC markers Cldn4 and Sgk1 display higher expression
in cluster 0 than clusters 1 and 2. Despite this, cluster 2 appeared to show
higher expression of other PC markers such as Nr3c1 and Cav1 and so
overall, the data indicate that PC related genes were expressed throughout
the mpkCCDcl4 cell population, and that no sub-population of cells was
distinctly more “PC” in character - at least based on analysis of these
expressed genes.

A number of classical PC marker transcripts were expressed at unexpectedly
low levels across all clusters including the basolateral water channel Aqp2 and
genes related to Na+ transport such as the b- and g-subunits of ENaC (Scnn1b
and Scnn1g), the 11b hydroxysteroid dehydrogenase type 2 (Hsd11b2) and
the MR receptor Nr3c2. Despite this, transcripts of other genes important for
Na+ transport function were widely expressed e.g. the glucocorticoid receptor
Nr3c1, ENaC alpha-subunit Scnn1a and kinase Sgk1.
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Figure 5.4. Violin plots showing the expression of key canonical principal cell
marker genes and those identified by Park et al., 2018, in mpkCCDcl4 cells. Yaxis is log scale normalised read count.

Expression of IC transcripts was comparatively low compared with PC
transcripts. The most highly expressed IC markers in mpkCCDcl4 were Car2,
encoding for carbonic anhydrase II and Slc25a4, encoding for ADP/ATP
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translocase 1 (Figure 5.5.). Other transcripts present but at low levels included
typical IC membrane markers such as Atp6v1b1, which encodes for the B1
subunit of the apical V-ATPase and Clcnka and Clcnkb which encode for
subunits of a voltage gated chloride channel. Numerous IC markers were not
detectable such as further subunits of V-ATPase, Atp6v1g3, Atp6v0d2,
alongside Oxgr1, which encodes for the alpha-ketoglutarate receptor which
plays a role in HCO3- secretion and NaCl reabsorption in the CD154. IC marker
expression did not appear to localise to any one cluster.

Figure 5.5. Violin plots showing the expression of key canonical intercalated
cell marker genes and those identified by Park et al., 2018, in mpkCCDcl4 cells.
Y-axis is log scale normalised read count.

Intermediate cell markers were expressed throughout clusters 0, 1 and 2
without large variation between clusters except for Sox4 (also a progenitor cell
marker) and Laptm4b which had slightly greater expression in cluster 0.
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Markers used by Park et al., and in Chapter 3, for immunostaining cells –
Parm1 and Sec23b, were not found to have high levels of transcript present,
despite showing widespread protein expression using immunocytochemistry.

Figure 5.6. Violin plots showing the expression of key intermediate cell marker
genes identified by Park et al., 2018, in mpkCCDcl4 cells. Y-axis is log scale
normalised read count.

5.3.3. Identification of other relevant cell markers in mpkCCDcl4 cells

Progenitor cell markers previously reported in mCCDcl1 cells, were not widely
expressed in the mpkCCDcl4 cells. For example, the following markers
identified in mCCDcl1 cells were not found in the scRNA-Seq data for
mpkCCDcl4 cells: p63, CD24, CD133, Sca-1. Other progenitor cell markers
such as Pax2 and Sox4 were widely expressed, whilst Nfcat1 was expressed
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at low levels in all clusters. Sox4 has also been identified as an intermediate
cell marker previously84. The pattern of expression of progenitor markers
across the clusters did not indicate a significant difference between clusters
although expression of Pax2 and Sox4 was lower in cluster 2 compared with
clusters 0 and 1.

Figure 5.7. Violin plots showing the expression of progenitor cell marker genes
identified in mpkCCDcl4 cells. Y-axis is log scale normalised read count.

The expression of Notch related genes was observed throughout the
mpkCCDcl4 cell population, in particular the Notch target gene Hes1 which is
required for the maintenance of Aqp2 expressing cells in the collecting duct in
vivo155 (Figure 5.8.). PC specific Notch genes (Notch1 and Hes1) and IC
specific or IC target Notch genes (Jag1 and Tfcp2l1) were expressed across
all clusters and no clustering patterns were noted. The transcription factor
Foxi1 was not found in the mpkCCDcl4 dataset.
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Figure 5.8. Violin plots showing the expression of key Notch pathway related
genes identified by Park et al., 2018, in mpkCCDcl4 cells. Y-axis is log scale
normalised read count.

Overall, expression of PC-, IC- and intermediate cell-specific genes were not
localised to any one cluster in the mpkCCDcl4 data, although variation in
expression was notable for some genes.
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5.3.4. Comparison of mCCDcl1 and mpkCCDcl4 libraries using CCA
5.3.4.1. Canonical correlation vectors

The mCCDcl1 and mpkCCDcl4 datasets were combined to create an integrated
object within Seurat. A canonical correlation analysis (CCA) was completed to
identify common sources of variation between the mCCDcl1 and mpkCCDcl4
datasets. Plotting the first two canonical correlation vectors (CC1 and CC2)
against each other, visible differences between the mCCDcl1 and mpkCCDcl4
datasets were noted (Figure 5.9) such as greater variation within the mCCDcl1
population in CC1.

Figure 5.9. (Left) CCA plot of canonical correlation vector 1 (CC1) against CC2
highlighting major similarities and differences between the mCCDcl1 and
mpkCCDcl4 datasets. (Right) Variation between cell line datasets within the
CC1.
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Analysing the top differentially expressed genes within the first CC1, identified
PC-related genes such as the previously mentioned Fxyd4 and Sgk1 as well
as Spink8, and Atp1a1 and Atp1b1, which both encode for subunits of the
Na+/K+ ATPase channel. Genes encoding for ribosomal proteins were
identified from the heatmaps of both CC1 and CC2 but given the context of
this work, were not analysed further. The other group of genes identified in
CC2 were related to cell division such as Ube2c (encodes for Ubiquitinconjugating enzyme E2 C, involved in exit from mitosis), Stmn1 (encodes for
Stathmin protein, involved in microtubule disassembly and mitosis), and Birc5
(encodes for Baculoviral IAP repeat-containing protein 5, involved in cell
proliferation and preventing apoptosis).

Figure 5.10. Heatmaps of the top differentially expressed genes in the first two
canonical correlation vectors with labels based on the function of the majority
of genes.

5.3.4.2. Cluster-directed analysis

Performing cluster analysis on the combined dataset at resolution 0.1 reveals
2 clusters (Figure 5.11.). The majority of cells were found in cluster 0 (75%),
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with 83.5% of mCCDcl1 cells and 71.8% of mpkCCDcl4 cells being in this
cluster. Cluster 1 contained a higher percentage of mpkCCDcl4 cells than
mCCDcl1 cells – 28.2% c.f. 16.5%, respectively.

Cluster

mCCDcl1

mpkCCDcl4

Total #

0

2650/ 83.5%

5228/ 71.8%

7878

1

524/ 16.5%

2054/ 28.2%

2578

Total # / %

3174

7281

10456

Figure 5.11. tSNE plots of the combined mCCDcl1 and mpkCCDcl4 datasets
(left) and clustered at resolution 0.1 (right). Accompanying table indicates the
number of cells per cluster and indicates the spread of the mCCDcl1 and
mpkCCDcl4 across the two clusters.

The expression of a number of key markers across the clusters (Figure 5.12.)
does not indicate that the clusters relate to different CD cell types (i.e. PC, IC
or intermediate cells). Instead, the results indicate that expression of the
selected markers in mCCDcl1 was fairly uniform between clusters 0 and 1. The
mpkCCDcl4 cells exhibited greater variation by cluster with more cells
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expressing the selected markers and at much higher levels in cluster 0
compared with cluster 1. This might suggest that the mpkCCDcl4 cells in cluster
1 had lower CD character based on typical CD cell type markers. The only
exception to this being Slc25a4. Notable absences include Tmem45b (IC
marker) in mCCDcl1 cells and Notch2 (PC marker and Notch pathway gene) in
mpkCCDcl4 cells.
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Figure 5.12. Split dot plots showing relative expression and percentage of cells
within the cluster expression of specific genes selected as key markers of cell
types. Int = intermediate, Prog. = progenitor.
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Comparing the cell lines within cluster 1, markers of PC, IC and intermediate
cells were more widely expressed (in terms of number of cells expressing and
level of expression) in mCCDcl1 cells than in mpkCCDcl4 cells. The exceptions
to that being the IC marker, Slc25a4, and the intermediate cell marker, St14.
In cluster 0, fewer differences between the two cell lines were noted.

The most differentially expressed genes by cell line in each cluster were
identified using scatter plots (Figure 5.13. and Figure 5.14.) and expression
tables. A number of genes were differentially expressed across both clusters
identifying major differences between the cell lines. Relation of identified genes
to the kidney, and specifically CD functions such as sodium transport were
investigated.

Figure 5.13. Scatter plot showing differentially expressed cells in cluster 0.
Genes upregulated in mpkCCDcl4 relative to mCCDcl1 (purple box) and genes
upregulated in mCCDcl1 cells relative to mpkCCDcl4 cells (orange box).
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Function

Relation to kidney (if found)
Negative regulator of BP156

Camk2n1 Inhibitor of CaMKII
Hsd11b2

Modulates

intracellular Protects nonselective MR from

glucocorticoid levels
Stc1

illicit glucocorticoids occupation.

Stimulates renal phosphate Inhibits
gluconeogenesis157

reabsorption
Igfbp2

Inhibits

renal

IGF-

mediated Potential marker of AKI158

growth
Spp1

Cytokine

activity,

integrin Prognostic marker of clear cell

binding

renal

carcinoma159,

CD

development160
Ldhb

Pyruvate fermentation

Ly6a

T-cell activation

Mt2

Metal binding

Uqcrb

Respiration,

mitochondrial

electron transport
Ftl1-ps1

Iron storage

PT-specific deletion increases
proinflammatory
macrophages161

Ly6e

T-cell activation

Table 5.1. Genes differentially expressed in mCCDcl1 vs. mpkCCDcl4 cells,
function (source: uniport.org) and relation to renal function or sodium transport
in Cluster 0.
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Npc2

Function

Relation to kidney (if found)

Cholesterol transporter

Intracellular

cholesterol

stimulates

ENaC

activation162,163.
Fos

Transcription regulation

Xist

X chromosome silencing in
females

Crip1

Zinc absorption

Downregulated in Adam10 KO
cells151

mCCDcl1

/

BP

regulation164.
Cpe

Prohormone sorting receptor Up- and down-regulated activity
associated with renal disease165.

Isg20

Potential biomarker in clear cell
renal carcinoma166

Cbr2

Carbonyl reductase

Gm10260 Ribosomal protein
Erg28

Sterol biosynthesis

Smagp

Epithelial cell-cell contacts

Gm11361 Ribosomal protein
Cdkn2a

Tumour suppressor

Mutations associated with lower
survival

in

renal

cell

carcinoma167
Table 5.2. Genes differentially expressed in mpkCCDcl4

vs.

mCCDcl1 cells,

function (source: uniport.org) and relation to renal function or sodium transport
in Cluster 0.
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Figure 5.14. Scatter plot showing differentially expressed cells in cluster 1.
Genes upregulated in mpkCCDcl4 relative to mCCDcl1 (purple box) and genes
upregulated in mCCDcl1 cells relative to mpkCCDcl4 cells (orange box).

Function

Relation to kidney (if found)

Ldhb

Pyruvate fermentation

Igfbp2

Inhibits

IGF-

mediated Potential marker of AKI158

growth
Ly6a

T-cell activation

Ly6e

T-cell activation

Mt-Nd2

Mitochondrial respiration

Ftl1-ps1

Iron storage

PT specific deletion increased
proinflammatory
macrophages161
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Mt-Nd4

Mitochondrial respiration

Ctsd

Acid protease

Implicated in AKI and renal
fibrosis168,169

Cd81

Cholesterol / integrin binding Enriched
B and T cell activation

in

renal

resident

macrophages in mice, rats and
humans170

Mt-Nd1

Mitochondrial respiration

Mt-Co2

Mitochondrial respiration

Itm2b

Protease inhibitor

Table 5.3. Genes differentially expressed in mCCDcl1 vs. mpkCCDcl4 cells,
function (source: uniport.org) and relation to renal function or sodium transport
in cluster 1.

Function
Xist

Relation to kidney (if found)

X chromosome silencing
in females

Npc2

Cholesterol transporter

Intracellular cholesterol stimulates
ENaC activation162,163

Ubc

Protein ubiquitination

Fos

Transcription regulation

Crip1

Zinc absorption

Downregulated

in

Adam10

KO

mCCDcl1 cells151 / Association with
BP regulation164.
Gm10260 Ribosomal protein
Gm11361 Ribosome protein
Pklr

Pyruvate

kinase Expressed in the PT

(glycolysis)
Psca

Ach receptor binding

Upregulated

in

renal

cell

carcinoma171
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Ifitm3

Antiviral/

intracellular

cholesterol homeostasis
S100a14

Cell survival / apoptosis

Acyp1

Acylphosphatase

/

hydrolase
Cpe

Prohormone

sorting Up- and down-regulated activity

receptor
Erg28

associated with renal disease165.

Sterol biosynthesis

Table 5.4. Genes differentially expressed in mpkCCDcl4 vs. mCCDcl1 cells,
function (source: uniport.org) and relation to renal function or sodium transport
in cluster 1.

Examples of genes expressed at higher levels in the mCCDcl1 and mpkCCDcl4
cells in both clusters include Ly6a and Ly6e, both encoding for ribosomal
proteins and 2 genes related to tubular inflammation and acute kidney injury
(AKI)- Ftl1-ps1 (primary function: iron storage) and Igfbp2 (primary function:
inhibition of IGF- mediated growth)158,161.

Genes that were expressed at higher levels in mpkCCDcl4 cells c.f. mCCDcl1
cells across both clusters include Xist, Fos, Crip1, Gm10260 and Gm11361.
Xist was upregulated in mpkCCDcl4 cells relative to mCCDcl1 cells with a log
fold change of 2.92 in cluster 1. It was also expressed in 81.9% of mpkCCDcl4
cells in cluster 1 compared with only 0.4% of mCCDcl1 cells. Similar figures
were calculated for cluster 0, with a log fold change in expression of 3.25 and
81.5% of mpkCCDcl4 cells and 0.2% of mCCDcl1 cells expressing the transcript.
Xist produces a female specific non-coding RNA transcript that silences one
of the X chromosomes in the somatic cells of female mammals. This suggests
that the mpkCCDcl4 cell line was derived from a female mouse.

The mpkCCDcl4 cells also showed greater expression of Crip1, which has
previously been linked to BP regulation164. It was also noted as being
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significantly downregulated in the Adam10 KO of mCCDcl1 cells, which showed
reduced Na+ transport and loss of aldosterone response as well as a shift
towards the intermediate cell type151.

Genes specifically upregulated in mCCDcl1 cells in cluster 0 that relate to the
kidney include Hsd11b2, Stc1 and Spp1. Hsd11b2 encodes for a
dehydrogenase that inactivates glucocorticoids. In doing so, Hsd11b2 is
responsible for inhibiting illicit occupation of the MR by glucocorticoids, in
favour of occupation by aldosterone. Spp1 is implicated in collecting duct
development and is a prognostic marker of clear cell renal carcinoma whilst
Stc1 inhibits renal gluconeogenesis157,159,172.

Genes specifically upregulated in mpkCCDcl4 cells in cluster 0 include markers
of renal disease and renal cell carcinoma including Cpe, Isg20 and Cdkn2a165–
167.

Although not renal specific, another upregulated gene in mpkCCDcl4 cells

in cluster 0 is Smagp which is predicted to play a role in epithelial cell
polarisation and organisation173.

In cluster 1, expression of Ctsd was greater in mCCDcl1 cells than mpkCCDcl4
cells. Ctsd, which is implicated in AKI and renal fibrosis168,169. This is in addition
to the previously mentioned AKI marker, Igfbp2. Other upregulated genes in
mCCDcl1 cells in cluster 1 included 4 mitochondrial respiration genes- Mt-Nd1,
Mt-Nd2, Mt-Nd4 and Mt-CO2 and Cd81, which is enriched in renal resident
macrophages in mice, rats and humans170.

Two genes expressed at higher levels in mpkCCDcl4 cells in cluster 1 were
related to renal disease and renal cell carcinoma (Psca and Cpe). Npc2 which
was also upregulated (with a log fold change in expression of 1.97 over
mCCDcl1 cells), encodes for a cholesterol transporter and although no report
was found of a direct link between Npc2 and ENaC, reports of intracellular
cholesterol levels regulating activity of ENaC were found162,163. Despite the
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greater expression levels, Npc2 was expressed in almost all of the cells in
cluster 1 (100% of mpkCCDcl4 cells and 99.6% of mCCDcl1 cells). Another
cholesterol related gene, Ifitm3, was also upregulated in mpkCCDcl4 cells,
although no published data on a direct link between Ifitm3 and ENaC was
found.

5.3.4.3. Functional marker directed analysis

The expression of genes related to cell adhesion and Na+ transport was
analysed to determine whether expression patterns may explain the
electrophysiological differences reported between mCCDcl1 and mpkCCDcl4
cells in Chapter 4 (abnormally high initial Rte values and subsequent steady
decline in Rte over time in mpkCCDcl4 culture and comparatively high Vte and
Ieq values compared with mCCDcl1 cells).

Cell adhesion genes such as the claudins and integrins are integral to
maintaining the resistive epithelial monolayer of the CD. Claudins 3,4,7,8 and
19 are all expressed in the CD174, of which Claudins 4,7 and 8 are shown below
in Figure 5.15. Other integrin related genes were also analysed such as Npnt
(encodes for the ligand of Itga8b1) and Serpine1 (negative regulator of cell
adhesion mediated by integrins). Expression of the positive regulators of cell
adhesion, Cldn8, and Npnt were greater in mCCDcl1 cells than mpkCCDcl4
cells. Conversely, Cldn4 and Cldn7, positive regulators of cell adhesion, were
more widely expressed in mpkCCDcl4 cells, whilst the negative regulator of cell
adhesion, Serpine1 was expressed more in mCCDcl4 cells. Cldn3 was also
widely expressed in mpkCCDcl4 cells but Cldn19 was not.

Generally integrins (Itga3, Itgav, Itgb1, Itgb4) did not show obvious differences
in expression between cell lines except for Itga1 (encodes for a laminin and
collagen receptor) and Itgb6 (encodes for a fibronectin and cytoactin receptor)
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which were expressed to a greater in extent in mCCDcl1 cells c.f. mpkCCDcl4
cells.
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Figure 5.15. Feature plots of genes related to cell adhesion and the expression
within mCCDcl1 and mpkCCDcl4 cells. Grey indicates a lack of expression and
increasing shade of purple indicates greater expression.

Next, known components of the Na+ transport signalling pathway were
analysed (Figure 5.16.). Lower expression of Hsd11b2 (encodes for 11bHSD2)
and higher expression of Scnn1a (encodes for ENaC alpha subunit), Nr3c1
(encodes for GR) and Tsc22d3 (encodes for glucocorticoid-induced leucine
zipper gene or GILZ1) in mpkCCDcl4 cells compared with mCCDcl1 cells. These
expression patterns would be expected to increase Na+ transport. Despite this,
the lower expression of Scnn1g in mpkCCDcl4 cells than in mCCDcl1 cells might
suggest a lower Na+ transport capability. The gene encoding for MR, Nr3c2,
was also expressed at lower levels in mpkCCDcl4 cells. Crip1, which is an
aldosterone-induced gene known to regulate BP152,175, displayed significantly
greater expression in the mpkCCDcl4 cells.
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Hsd11b2

mCCDcl1

Scnn1a

mCCDcl1

mpkCCDcl4

Nr3c1

Na+ transport genes

Scnn1g

mCCDcl1

mCCDcl1

mpkCCDcl4

Nr3c2

mCCDcl1

mpkCCDcl4

mpkCCDcl4

Crip1

mCCDcl1

mpkCCDcl4

mpkCCDcl4

Tsc22d3

mCCDcl1

mpkCCDcl4

Figure 5.16. Feature plots of genes related to Na+ transport expressed in
mCCDcl1 and mpkCCDcl4 cells. Grey indicates a lack of expression and
increasing shade of purple indicates greater expression.
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5.4. Discussion
5.4.1. Chapter summary

The mCCDcl1 and mpkCCDcl4 cell lines have classically been used as “PC like”
cell lines primarily to study Na+ transport. Recent work, in addition to that
presented in this thesis, suggests that these lines are far more heterogeneous
than originally thought.21 A significant proportion of cells in both lines coexpress PC and IC markers as well as newly defined intermediate cell markers
such as Parm1 and Sec23b. These experiments were guided by current
understanding of the different CD cell types and it was hoped that scRNA-Seq
might unravel more about the differences between apparent cell types and
their plastic capabilities.

scRNA-Seq analysis found a distinct lack of clustering of mpkCCDcl4 cells into
the typical CD cell types – PC, IC and intermediate, further indicating that these
cells are not simply a PC cell line as once thought. Distribution of the different
cell type markers across clusters also aligns with immunocytochemical data
presented in Chapter 3 which showed a large proportion of cells co-expressing
markers but also lacking significant sub-populations of PCs (Aqp2+/V-ATPase
B1-) or ICs (Aqp2-/V-ATPase B1+) alongside the predominant intermediate cell
type (Aqp2+/V-ATPase B1+).

Combining mCCDcl1 and mpkCCDcl4 datasets, followed by CCA, identified a
range of genes that were differentially expressed between the two cell lines
but the analysis is not conclusive as to whether these differences explain the
variation noted in the electrophysiological data reported in Chapter 4.
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5.4.2. Heterogeneity of cell markers and cluster analysis in mpkCCDcl4 cells

The mpkCCDcl4 cells clustered by metabolic related genes (cluster 0), cell
division genes (cluster 1) and cell proliferation genes (cluster 2). The cluster
analysis also identified two PC genes as being differentially expressed
between clusters and characteristic of cluster 0 – Fxyd4 and Spink8. Both
genes are related to aldosterone activity (Fxyd4 encodes for a regulatory
protein for aldosterone receptors and Spink8 is induced by aldosterone).

Despite this, considering overall expression of a range of PC, IC and
intermediate cell marker observed across all clusters, no definitive pattern by
cell type was identified by cluster. These results complement the
immunocytochemistry data from Chapter 3 that suggested the dominant cell
type in the mpkCCDcl4 cells to be the intermediate cell which expresses
markers of both PC and IC cells and provides further evidence that the
mpkCCDcl4 cell line is not simply a PC cell line as once thought.

In the paper that first characterised the intermediate cell type, it is noted that
these cells do not highly express cell cycle genes indicating that the cells were
not proliferating progenitor cells84. This would fit with cluster 0 of the
mpkCCDcl4 library analysis but the smaller clusters, 1 and 2, are characterised
by genes related to cell division and proliferation. This is supported by
pseudotime analysis that shows the mpkCCDcl4 cells moving between
clusters 0 and 1/2. This difference between the paper and what is observed in
the mpkCCDcl4 cells may be explained by the differences in cell preparation
prior to scRNA-Seq library preparation – Park et al used ex vivo cells from
mice immediately after isolation when cell division would not be expected,
compared with here where cells from the mpkCCDcl4 cell line were grown for
10 days on filters prior to library preparation. Still, the presence of dividing cells
in the mpkCCDcl4 data (23% of the population studied were clustered by
markers of cell division and 6% by proliferation and differentiation) is surprising
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given that the cells were seeded at confluency and cultured for 10 days prior
to processing, and so were not expected to be rapidly dividing or differentiating
at the point of analysis.

5.4.3. Limitations of analysis

The lack of detectable Foxi1 transcript in the mpkCCDcl4 dataset was
interesting given that a in vivo Foxi1 KO has been shown to create a CD
entirely composed of intermediate cells22, similar to what is observed in the
mpkCCDcl4 cell line. Whether the cell type composition in the cell line is related
to the lack of Foxi1 expression is not clear from the data. It is possible that the
Foxi1 transcription levels may simply be below detection limits.

Such limitations on inference based on levels of detectable transcript may
arise from the inconsistent balance between transcription rate, transcript halflife, translation rate and protein half-life. The scRNA-Seq data presented here
represent a snapshot in time and so, a lack of presence in the scRNA-Seq
data does not mean that a gene is not expressed, and important, in the cell
line. For example, Aqp2, which has a protein half-life of 9 hours176, is not
identified in the scRNA-Seq data for mpkCCDcl4 cells, but it is known to be
widely expressed, based on data from immunocytochemistry experiments
presented in Chapter 3 and prior publications62,177.

Even in mCCDcl1 cells, where Aqp2 transcript is detected, it is at low levels,
despite these markers being readily observed in CD cells using bulk RNA-Seq
and protein analysis. This highlights a significant limitation of using scRNASeq for this analysis – inferring expression patterns from one cell population
(of 3174 cells and 7281 cells for mCCDcl1 and mpkCCDcl4, respectively)
compared to bulk RNA-Seq which produces data from multiple pooled cell
populations. Furthermore, the expression of these markers may be cellspecific as indicated by the literature, but the expression in this particular
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population of cells may have been below the detection threshold for scRNASeq. Deeper sequencing techniques, that generate a great number of reads
per cell may also be a solution to this limitation, allowing the detection of
transcripts expressed at particularly low levels.

5.4.4. Expression of progenitor cell markers

In addition to the expression of classical CD cell type markers, progenitor cell
markers were also observed, as reported previously in the mCCDcl1 cell line21.
Although a number of the progenitor markers observed in mCCDcl1 cells were
not present in the mpkCCDcl4 dataset, such as p63, CD24, CD133 and Sca-1,
there remained widespread expression of others such as Pax2, Nfcat1 and
Sox4. Assmus et al 2018, who reported this in mCCDcl1 cells, proposed that
the presence of progenitor cell markers suggested that the cell line was formed
from a bi-potential precursor cell within the extracted mouse CD used to create
the line. The presence of such markers in the mpkCCDcl4 cell line, which was
transformed and not spontaneously immortalised as is the case for the
mCCDcl1 cell line, might suggest that such a bipotential precursor cell is not a
rare cell type in the CD but that perhaps all or at least a significant subset of
CD cells have this capability to generate PCs, ICs and intermediate cells.

Given that both cell lines were generated from adult mice, the importance of
this bipotential precursor is enhanced in the context of plasticity beyond
development. Resident progenitor cell types have been reported in the kidney
previously, with the ability to regenerate glomerular and tubular epithelia under
acute renal injury178,179. These progenitors, defined as being segment specific
and fate-restricted cells, have been characterised for the glomerulus, PT and
DCT. Although it was noted that regeneration in the CD occurs via a
progenitor-like cell process, the cell type responsible has not yet been
specifically characterised178. Given the progenitor characteristics of the
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mpkCCDcl4 and mCCDcl1 cells, both cell lines may be appropriate for use as in
vitro models for studying the regenerative capabilities of the CD.

5.4.5. General differences between mCCDcl1 and mpkCCDcl4 cells

Overall there was little variation between the mCCDcl1 and mpkCCDcl4 cell
datasets in terms of classical PC, IC and intermediate cell markers. Cluster
analysis of the classical markers also showed little variation in expression
between clusters 0 and 1 in mCCDcl1 cells but diminished expression of the
classical markers in mpkCCDcl4 cells in cluster 1.

Major differences noted between the cell lines included the upregulation of
markers of inflammation, AKI and renal fibrosis (Ftl1-ps1, Igfbp2, Ctsd and
Cd81) in mCCDcl1 cells whilst markers of renal disease and renal cell
carcinoma were upregulated in mpkCCDcl4 cells (Cpe, Isg20 and Cdkn2a).

One of the differentially expressed genes between the cell lines, identified in
both clusters, is Xist. The Xist gene produces a non-coding RNA called Xinactive specific transcript and is only expressed in the somatic tissue of
female mammals. Its purpose is to silence one of the pair of X chromosomes
in females, thereby asserting genetic dose compensation between females
and males (that carry a single X chromosome). The presence of this transcript
in the mpkCCDcl4 scRNA-Seq data would suggest that the mpkCCDcl4 cell line
was derived from a female rather than the 1 month old SV-PK/Tag male mouse
described in the original paper99
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5.4.6. Na+ transport differences between mCCDcl1 and mpkCCDcl4 cells

Looking specifically at genes related to Na+ transport, Hsd11b2 was
upregulated in mCCDcl1 cells in cluster 0. Lower Hsd11b2 levels are
associated with sustained occupation of the MR and subsequent chronic Na+
retention. In the context of the mpkCCDcl4 cells, this would fit with the
electrophysiological data that showed high baseline Ieq (due to Na+ transport)
even in unstimulated cells. Application of aldosterone also had no impact on
Ieq suggesting that ENaC activity was at maximal capacity.

Two genes related to cholesterol were upregulated in mpkCCDcl4 cells, both in
cluster 1. Although neither gene has been directly linked to ENaC activity in
the CD, reports of increasing intracellular cholesterol activating ENaC suggest
a possible link between these genes and Na+ transport in the mpkCCDcl4
cells162,163. The genes in question are Npc2 and Ifitm3. Npc2 is a transporter
that facilitates transport of cholesterol from the lysosomal lumen and Ifitm3
increases cholesterol accumulation in the late endosome/ multivesicular body,
thus both increasing intracellular cholesterol.

Feature plots of key genes in the aldosterone-ENaC pathway also identified
expression patterns in mpkCCDcl4 cells vs mCCDcl1 cells that might indicate
higher levels of Na+ transport especially via GR- rather than MR-mediated
occupancy. These included higher levels of Nr3c1 (GR), Scnn1a (alpha
subunit of ENaC) and lower levels of Hsd11b2 and Nr3c2 (MR) in mpkCCDcl4
cells c.f. mCCDcl1 cells. On the other hand, mpkCCDcl4 cells expressed Scnn1g
transcript (gamma subunit of ENaC) at higher levels which might indicate the
opposite.

The upregulation of Tsc22d3 in mpkCCDcl4 cells may also be of significance in
relation to Na+ transport. Tsc22d3 encodes for the leucine zipper protein,
GILZ1 which increases ENaC activity via the SGK1 pathway, specifically by
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reducing transport of SGK1 to the endoplasmic reticulum where it is
degraded180. Transient expression of GILZ1 has been used in H441 cells
(human lung origin) to mimic a GR-mediated increase in Na+ transport181 and
the presence of a GILZ isoform at ‘appreciable’ levels in unstimulated
mpkCCDcl4 cells by Western Blotting suggests that GILZ may be an important
factor in the high basal Na+ transport in mpkCCDcl4 observed in this study182.

5.4.7. Cell adhesion differences between mCCDcl1 and mpkCCDcl4 cells

Expression of cell adhesion related transcripts does not shed light on the
differences in the electrophysiological data due to conflicting patterns. Firstly,
the comparatively high initial Rte values of mpkCCDcl4 cells cannot be
explained conclusively by the expression of cell adhesion transcripts. For
example, both Cldn4 and Cldn7 are expressed at higher levels in mpkCCDcl4
c.f. mCCDcl1 cells. Overexpression of Cldn4 in MDCKII cells caused an
increase in Rte value but an in vivo KO of Cldn7 in mice created cells with
increased transepithelial resistance (TER) indicating opposite effects of Cldn4
and Cldn7 on TER 183,184. Alternatively, Cldn4 and Cldn7 appear to have similar
effects on sodium reabsorption – KOs of either gene result in salt wasting. If
upregulation of the genes could then be associated with increase Na+
transport, this fits with the high levels of Ieq observed in the mpkCCDcl4 cells.

Cldn3 appears to be greatly overexpressed in mpkCCDcl4 cells c.f. mCCDcl1
cells. Cldn3 overexpression has been associated with increasing TER values
in transfected MDCKII cells, although it should be noted that this change was
attributed a 9-15 fold change in paracellular resistance, as no change to
transcellular resistance was observed185. A KO of Cldn3 in mice found that a
deficiency of the gene had little impact physiologically on the mice (no change
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in TER, permeability of Na+ and Cl-.) due to the compensatory action of other
claudins which were upregulated in response186.

Cldn8 is upregulated in mCCDcl1 cells relative to mpkCCDcl4 cells.
Overexpression of gamma-ENaC is linked to increased Cldn8 expression
resulting in increased Rte and transcellular Na+ transport187. Comparatively,
mCCDcl1 cells express Cldn8 at higher levels than mpkCCDcl4 yet gamma
ENaC transcript (Scnn1g) is expressed at higher levels in mpkCCDcl4 cells
than in mCCDcl1 cells. Furthermore, a KO of Cldn8 is associated with salt
wasting which might imply that it is expressed at a higher level in mCCDcl1
cells, that this cell line would exhibit greater Na+ transport through the ENaC
channel188.

Overall this might suggest that the cell adhesion genes are not playing a key
role in the pattern of developing resistance in the mpkCCDcl4 cells as recorded
in Chapter 4.
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6. Immunohistological analysis of cell plasticity in the CD

6.1. Introduction

Thus far the work in this thesis has focused on the two cell lines, mCCDcl1 and
mpkCCDcl4, and evaluating their use as appropriate models of the CD that are
capable of plasticity. The need for such models derives from the desire to study
the mechanisms of plasticity behind in vivo alterations in cell type in the CD
under certain genetic KOs and treatments such as chronic lithium treatment,
as discussed previously. Despite this, the breadth of conditions that may affect
CD epithelial plasticity has not been fully studied, especially in light of the
recently defined intermediate cell.

This chapter will present two different hypertensive disease models and
investigate whether these models confer any changes to the CD in terms of
cell type proportion i.e. do these models induce cellular plasticity? Both
conditions have been studied extensively in terms of physiological implications
but neither have been investigated for cellular plasticity.

The first model is that of the rare Mendelian hypertensive disorder, the
syndrome of apparent mineralocorticoid excess (SAME). In SAME, nonfunctional mutations in the HSD11B2 gene, which encodes for the 11𝛽HSD2
enzyme, allow the active glucocorticoid, cortisol to illicitly occupy the MR
continuously, thereby disrupting aldosterone regulation. In doing so, patients
present with symptoms associated with sustained MR activation such as
hypernatremia, hypokalaemia and hypertension. SAME patients also present
with a number of other symptoms including supressed renin-angiotensin
aldosterone system (RAAS) and metabolic alkalosis and are susceptible to
end-organ damage as a result of chronic hypertension, even at a young age.

139

Difficulties in studying SAME in patients arise because of the rarity of the
disease and the young age at which it usually presents. Instead, SAME can
be modelled in mice and rats by a KO of the Hsd11b2 gene, as previously
described124,125. These models are highly relevant, with animals exhibiting the
key symptoms and pathology seen in humans, including a high neonatal
mortality rate124. Adaptations to the mouse model have allowed survival into
adulthood whilst maintaining typical symptoms presented by adult SAME
patients. A key difference in these models is that the primary glucocorticoid is
corticosterone and not cortisol, as in humans.

Another cause of hypertension in humans is increased adrenocorticotropic
hormone (ACTH) production, observed acutely as a stress response, but
chronically in patient with Cushing’s syndrome. This can be modelled in mice
by treatment with ACTH189. In vivo, this hormone is secreted by the anterior
pituitary gland and leads to increased circulating levels of glucocorticoids.
Although not the only mechanism for the development of hypertension in
Cushing’s syndrome, increased ACTH is thought to lead to increase blood
pressure by sustained MR activity and the associated Na+ retention. Although
displaying a similar outcome to SAME in terms of increased MR activity, the
mechanism of development differs. In the case of increased ACTH, higher
glucocorticoid concentrations saturate the active sites of the 11𝛽HSD2
enzyme leading to a functional mineralocorticoid excess state.

6.2. Aim

Both SAME and Cushing’s models have been shown to have marked effects
on CD related metabolic and physiological pathways but no published data is
available discussing whether these models have an effect on cell plasticity in
the CD124,125,189,190. The aim of this work was to study the CD cell type
proportion of kidneys from mice and rats with a Hsd11b2 KO and mice treated
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with ACTH, to assess whether cellular plasticity exists under these two disease
models.

6.3. Results

6.3.1. CD cell plasticity in SAME

In Hsd11b2 KO mice at 4 weeks, kidneys displayed a significant reduction in
the proportion of PCs per CD compared to WT (52.1 ± 1.9 % vs. 73.0 ± 1.9 %)
and likewise at 17 weeks (54.1 ± 1.8 % vs. 72.2 ± 1.3 %). No significant change
in the proportion of ICs was observed between any of the groups studied. A
significant increase in intermediate/ mixed cells was observed between WT
and KO at 4 weeks (8.4 ± 1.2 % vs. 25.9 ± 2.0 %) and at 17 weeks (6.5 ± 0.8
% vs. 22.1 ± 2.0 %). No change was observed in any of the cell types of KO
mice between the two time points studied. For example images and full
statistics for each group, see Figure 6.1 (4 weeks) and Figure 6.2 (17 weeks).
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Figure 6.1. HSD2 KO influence on CD cell composition in 4-week-old
mice. (Upper) Representative images of immunofluorescence of Aqp2, VATPase B1 and DAPI in WT (n=3) and HSD2 KO (n-3) mice at 4 weeks. Scale
bar = 10𝜇m. (Lower) Percentage composition of CD by cell type. Results
reported as means ± S.E.M. Significance assessed using unpaired t-test. ****
= P<0.0001
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Figure 6.2. HSD2 KO influence on CD cell composition in 17-week-old
mice. (Upper) Representative images of immunofluorescence of Aqp2, VATPase B1 and DAPI in WT (n=3) and HSD2 KO (n=3) mice at 17 weeks.
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Scale bar = 10𝜇m. (Lower) Percentage composition of CD by cell type. Results
reported as means ± S.E.M. Significance assessed using unpaired t-test. ****
= P<0.0001

In Hsd11b2 KO rats, a significant reduction in PC proportion and significant
increase in intermediate/mixed cell type proportion was noted between WT
and KO at both time points assessed, 5 weeks and 24 weeks of age. As in the
mouse, no significant change was observed between WT and KO CDs in terms
of IC proportion at any time point assessed. At 5 weeks KO kidneys displayed
a significant reduction in the proportion of PCs per CD compared to controls
(73.3 ± 1.8 % vs. 60.7 ± 2.5 %) and similarly at 24 weeks (66.8 ± 1.9 vs. 38.4
± 2.1 %). In line with the reduction in PC proportion, an increase in
intermediate cell type proportion was noted in KO rats, as seen in the mouse.
A significant increase in intermediate cell type was observed between WT and
KO at 5 weeks (9.5 ± 1.3 % vs. 23.6 ± 2.2 %) and 24 weeks (10.8 ± 1.6 %
vs. 31.6 ± 2.5 %).
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Figure 6.3. HSD2 KO influence on CD cell composition in 5-week-old rats.
(Upper) Representative images of immunofluorescence of Aqp2, V-ATPase
B1 and DAPI in WT (n=4) and HSD2 KO (n=4) rats at 5 weeks age. Scale bar
= 10𝜇m. (Lower) Percentage composition of CD by cell type. Results reported
as means ± S.E.M. Significance assessed using unpaired t-test. **** =
P<0.0001
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Figure 6.4. HSD2 KO influence on CD cell composition in 24-week-old
rats. (Upper) Representative images of immunofluorescence of Aqp2, VATPase B1 and DAPI in WT (n=3) and HSD2 KO (n=3) rats at 24 weeks age.
Scale bar = 10𝜇m. (Lower) Percentage composition of CD by cell type. Results
reported as means ± S.E.M. Significance assessed using unpaired t-test. ****
= P<0.0001
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Furthermore, the difference between WT and KO increased as the rats
matured. At 5 weeks, the difference between PC proportion in WT and KO was
on average 12.6% rising to a 28.4% difference by 24 weeks. No significant
change in PC proportion of WT was observed with time progression
suggesting that the plasticity was ongoing throughout maturation of the CD.

Again, the difference between WT and KO in terms of intermediate cells
increased with time progression but with no significant alteration in WT
numbers over time - an average 14.1 % at 5 weeks rising to an average
difference from WT of 20.8 % at 24 weeks.

6.3.2. Cell plasticity under the model of Cushing’s disease and with high salt diet

Kidneys from mice on a high salt diet (2 weeks), ACTH treatment (2 weeks)
and ACTH treatment and high salt diet (2 weeks) were kindly supplied by
Hannah Costello, University of Edinburgh.

The proportion of PCs, ICs and intermediate cells were counted by staining
with anti-Aqp2 and anti-V-ATPase B1 as described above in the HSD2KO
study. No effect on plasticity was observed in the CD of any of the groups
studied; no significant difference between WT and any of the groups studied
in terms of PC, IC or intermediate cell proportion in the CD (Figure 6.5.) when
assessed by chi-squared test (P<0.05).
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Figure 6.5. Dietary NaCl and ACTH Cushing’s model influence on CD
composition. (Upper) Immunofluorescence of Aqp2, V-ATPase B1 and DAPI
in mouse kidney sections from (A-C) WT (n=6), (D-F) high salt (n=3), (G-I)
ACTH (n=3) and (J-L) ACTH + high salt groups (n=3). All mice aged 12 weeks.
Scale bars = 10𝜇m. (Lower) Percentage composition of CD by cell type.
Results reported as means ± S.E.M. Significance assessed using a chi-
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squared test (P<0.05). N.S. = not significantly different to equivalent value in
WT mice.

6.4. Discussion
6.4.1. Chapter summary

Despite extensive research into the metabolic, vascular and renal
consequences of the Hsd11b2 gene KO in both mice and rats, the CD
epithelial plasticity has not been previously examined125,191–193. This study
presents the first investigation of the effect of the KO on cell type composition
in the CD in SAME. KO mice and rats displayed significant decreases in PC
proportion in the CD coupled with a similar increase in the proportion of
intermediate cells. No significant change in the IC population was observed
between WT and KO at either age studied. The directionality of the change
suggested that there was a plasticity or dedifferentiation from PC to
intermediate cell type in the CD of the disease model animals.

Adult mice on a short-term (2 week) high salt diet and/or ACTH treatment
(model of Cushing’s syndrome) were also studied in the context of CD cell
plasticity, although no significant change in CD cell type was observed
between WT and treatment animals.

6.4.2. Temporal changes in SAME models

Although Hsd11b2 KO mice display hypertension from birth to adulthood, the
mechanism by which it occurs changes over time190. Hypertension in the early
stages is linked to increased sodium retention as a result of increased ENaC
activity. After 80 days, mice exhibit a salt wasting phenotype which would be
expected to ameliorate hypertension, but in this model that is not the case.
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Instead, hypertension is sustained as a result of vasoconstriction. This change
in etiology appears to have no effect on the composition of the CD; KO mice
display no significant shift in any of the cell types between the two time points
studied – 5 weeks and 17 weeks which sit either side of the hypertension
etiology switch.

Interestingly, a time dependent pattern was noted in the rats with PC
proportion decreasing further in KO between 5 weeks and 24 weeks and
decreasing over the same time point in terms of intermediate cells. This may
be as a result of the effect of chronic hypertension on the animals. Rats from
9 months with the Hsd11b2 KO were reported to exhibit pulmonary congestion,
enlarged hard, concentric cardiac hypertrophy and congested right atria- all
associated with the effects of chronic hypertension125. Rats did not undergo
the same switch in hypertension etiology as reported in mice with the Hsd11b2
KO, with salt retention continued into adulthood190. This load on the PCs of the
CD may be the reason for the continuing plasticity noted here in the rat model,
although it should be noted that the switch in mechanism in mice is not
sufficient to recover the CD to WT-like cell type composition. Older rats were
studied to assess whether the observed temporal pattern would continue but
due to availability of historical tissue, animal numbers were too low to assess
statistical significance.

6.4.3. Directionality of proposed cell plasticity under SAME model

The directionality of the observed plasticity (PC to intermediate cells) in the
SAME model animals suggests that PCs are dedifferentiating to a mixed cell
similar to that which has been observed in WT but at increased levels under
physiological stress or genetic manipulation22,23,88. For example, mice lacking
the forkhead transcription factor, Foxi1 were shown to develop renal tubular
acidosis as a result of mutation of the distal nephron epithelium22. Foxi1-/- mice
displayed dedifferentiation in the CD with a complete population of mixed cells
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expressing both carbonic anhydrase II (CAII) and Aqp2. Similarly, lithium
treatment has been shown to increase IC proportion in the mouse CD at the
expense of PCs, but on cessation of treatment, a mixed cell predominates, but
disappears and CD composition reverts to normal after 19 days. This mixed
cell expressed PC markers such as Aqp2 and Aqp4, and IC markers such as
V-ATPase B1 and AE1. Furthermore, the ultrastructure of this mixed cell
appeared to resemble that of an IC suggesting that this might have been a
stage of conversion from IC to PC, as PC levels revert to normal after this
mixed cell disappears. Unfortunately, optimisation of antibodies against the
specific intermediate cell markers, Parm1 and Sec23b, was not successful in
tissue and so animal data reported here relies on dual staining to characterise
the intermediate cell type.

Overall, these results indicate the intermediate cell type is not necessarily a
static end point in disease but provides further evidence of an active CD
capable of plasticity in response to physiological changes even into adulthood.

6.4.4. Lack of observed cell plasticity in high salt diet and ACTH mice

Although hypertension is a major risk factor in cardiovascular disease
outcomes such as stroke, heart failure and chronic kidney disease, in many
cases hypertension and the associated risks can be managed in part by
lowering dietary salt intake. In these cases, the hypertension is classified saltsensitive hypertension. The impact of a high salt diet on CD cell plasticity has
recently been reported in mice194. Although the study group in question was a
sodium control group as part of an overall study looking into alkali loading by
dietary NaHCO3 rather than a study focused on the impact of high salt diets,
the results are still relevant here. This report suggests that high dietary NaCl
does not induce cell plasticity within the CD, corroborating the results reported
here in mice on a high salt diet.
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Salt-sensitive hypertension has also been observed in mice undergoing acute
ACTH treatment (2 weeks), a model of Cushing’s syndrome189. Mice exhibited
increased blood pressure via MR and GR activation of ENaC. Increased ENaC
activity resulted in Na+ retention although the ACTH induced hypertension
could be offset by low dietary Na+.

Maintaining homeostasis is one of the major roles of the kidney, and the CD.
As such, it is perhaps not surprising that after 2 weeks of a high salt diet, or
less than 1 week in the case of the aforementioned alkali loading publication,
that there may be no obvious alterations to the cellular make-up of the CD.
Further study looking at a model of chronic high salt diet in adults and from
birth, may show differing results and may indicate a tipping point for the
maintenance of homeostasis management in the CD in terms of sodium
balance.

Interestingly, in the alkali loading study, cell type was determined by the
markers Aqp2, Pendrin and AE1 and although the intermediate cell type
determined by Park et al was discussed, no evidence of an Aqp2+/ Pendrin+ or
Aqp2+/AE1+ cell was observed in control or treated mice. This is in contrast to
previous reporting of the cell type making up 9% of CD cells,88 and those
reported here; Aqp2+/V-ATPase B1+ cells in WT mice were found to make up
6.5 -12.2 % across the two study groups. Reliance on dual staining and the
reported variation in prevalence highlight the importance of verified antibodies
for the intermediate cell type. For this reason, antibodies against Parm1 and
Sec23b, identified by Park et al as specific intermediate cell markers, were
tested in both mouse and rat tissue but definitive staining above background
was not achieved during optimisation.

Cushing’s syndrome, modelled by ACTH treatment, has a similar action in the
body to Hsd11b2 KO in that sustained activation of the MR subsequently le
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ads to the development of hypertension. Despite this similarity, no plasticity
was noted in the ACTH treated mice, or in ACTH treated mice on a high salt
diet. Like in the case of the high salt diet mice, ACTH treatment only lasted a
short period of time and as such, it cannot be ruled out that chronic ACTH
treatment causes cellular plasticity in the CD.
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7. Discussion

7.1. Chapter Summary

In this thesis I aimed to characterise the mpkCCDcl4 cell line based on recent
discoveries relating to the heterogeneity of the mCCDcl1 cell line and the
presence of an intermediate CD cell in vitro and in vivo. Using
immunocytochemistry, single-cell RNA-Sequencing and electrophysiology, I
have proven that the mpkCCDcl4 cell line is more complex than originally
thought, containing cells that not only express PC markers, but cells
expressing markers for all known CD cell types – PC, IC and intermediate
cells. Furthermore, distinct markers for the intermediate cell type were
identified in mCCDcl1 and mpkCCDcl4 cell lines for the first time. These findings
suggest the relevance of the cell line for studying the heterogeneity of CD
epithelia and more specifically, the intermediate cell type and its function in an
in vitro model.

Single cell cloning experiments with mpkCCDcl4 cells also indicated the
inherent plasticity of CD epithelia, as heterogeneity was vertically transmitted
through cloning, suggesting precursor characteristics in the cell line, as
previously reported in the mCCDcl1 cells. These results are particularly
important in the context of CD epithelial plasticity, since the two cell lines may
be used as in vitro models to better understand the dynamics and driving
forces behind plasticity noted in disease models such as SAME. In this thesis
I have shown that the phenotype of SAME is associated with a shift from PC
to intermediate cell fate in both mice and rat models of the disease.
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7.2. The heterogeneous nature of mCCDcl1 and mpkCCDcl4

7.2.1. mCCDcl1 and mpkCCDcl4 cell lines composed of heterogeneous cells

Earlier work on the mCCDcl1 cell line showing it to be of heterogeneous
composition was the building block for my research. It posed the question of
whether heterogeneity was an inherent feature of CD cell lines or just a unique
feature of this spontaneously immortalised cell line. The data reported here,
indicating that the mpkCCDcl4 cell line is also heterogeneous in composition,
suggest that the former is the case.

The mpkCCDcl4 line has long been considered an “essentially PC” cell line due
to the cells exhibiting the morphological and physiological properties of PCs.99
The origin paper suggests that the line contains less than 10% ICs as
determined by staining with the lectin Dolichos biflorus agglutinin (DBA), which
has previously been attributed to ICs99,195. Since then, published research on
the cell line has focused on functional properties related to PCs, notably Na+
transport in response to physiological hormones, and has not commented on
the reported presence of IC markers.99,137,142

The use of DBA as an IC marker has not been consistent in the literature- no
subsequent studies using DBA as such have been found and literature
searches suggest alternate specificity; It has been used to identify the
collecting duct as a whole or ureteric bud cells119,196,197, as well as to
specifically isolate PC cells118,198,199. As such its use in the mpkCCDcl4 origin
paper does not provide conclusive evidence of the presence of IC markers in
the cell line. Instead the data reported here represents the first in-depth
characterisation of the cell population of mpkCCDcl4 cells identifying the cell
line as heterogeneous with expression of defined markers for PC, IC and
intermediate cell types, utilising both immunocytochemical and scRNA-Seq
data to confirm this.
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7.2.2. Presence of the intermediate cell in mCCDcl1 and mpkCCDcl4 cells

The intermediate cell type was first reported in 2004 in a Foxi1 KO mouse
model, as a cell that co-expressed a PC and IC marker (Aqp2 and carbonic
anhydrase (CAII))22. Subsequent studies of the CD made no mention of this
cell type until 2013 when it was observed transiently in the kidney of mice
recovering from lithium treatment but it was not until two studies published in
2017 and 2018 that its presence even in WT mouse kidneys was reported84,118.
This was followed by evidence of a similar PC+/IC+ phenotype in the mCCDcl1
cell line21. Now, with the confirmation that the intermediate cell-specific
markers Parm1 and Sec23b are expressed in the mCCDcl1 and mpkCCDcl4 cell
lines, it suggests that these two cell lines are prime candidates for in vitro
examination of CD character and plasticity.

Interestingly, the scRNA-Seq data contained no identifiable Foxi transcript.
The dominance of the intermediate cell type in the mpkCCDcl4 cells does
appear similar to the previously mentioned in vivo Foxi1 KO, where all
epithelial cells of the CD were reported as co-expressing Aqp2 and CAII22.
Whether the dominant presence of the intermediate cell type in mpkCCDcl4
cells is due to a lack of Foxi expression or not, cannot be deduced from
experiments reported here, but warrants further investigation.

Immunostaining experiments were carried out on confluent cells and as such
it was hypothesised that the intermediate cell type that was seen in high
proportion might be the final stage of the cells at confluency and that cell type
distribution may differ pre-confluency. Cells from the mCCDcl1 cell line, that
were seeded onto glass coverslips showed no presence of distinct PC or IC
cells but instead, as seen in confluent cells on filters, the majority of cells
stained positively for both Aqp2 and V-ATPase B1. This supports findings in
the literature that the dual PC+/IC+ phenotype is an important cell type in the
mCCDcl1 cell line and suggests that the cell line may have the bipotential to
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differentiate to either PC or IC.21 It was hypothesised that similar results would
be found in mpkCCDcl4 cells.

The scRNA-Seq data may suggest this, as clustering identified a subset of
mpkCCDcl4 cells expressing markers indicative of cell division. This cluster also
exhibited expression of major PC, IC and intermediate cell markers.

7.2.3. Presence of non-PC, non-IC, non-intermediate cell

The presence of non-staining cells (Aqp2-/V-ATPase B1-) has previously been
reported in the mCCDcl1 cell line and now is confirmed to also be present in the
mpkCCDcl4 cell line21. The identity and function of this cell is not understood
but recent work has indicated that they are true CD cells. A CRISPR-Cas9
mediated knockout of Adam10 in mCCDcl1 cells caused a shift from PC to
intermediate cell fate but the proportion of non-staining cells decreased in the
KO populations compared with the parental line151. This suggests that the nonstaining cells were in fact dormant CD cells, even intermediate cells, with the
capability of expressing both PC and IC markers under the right conditions.
The presence of these non-staining cells is more abundant when mCCDcl1
cells are grown in a 2D cell culture environment compared with on filters, as
used in this work.

This non-PC, non-IC cell has also been reported in cultured ex-vivo cells from
mice using scRNA-seq118. Despite this, no such cells were noted in either
mouse or rat sections (SAME models or ACTH/high salt mice). It is possible
that the non-PC, non-IC phenotype is a response to cell culture or
environmental cues and again highlights the relevance of this cell in future
study. This also suggests a potentially complex spectrum of expression within
intermediate cells and their differentiation capabilities.
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A similar range of expression and plasticity are noted between the subtypes of
the IC (𝛼-ICs, 𝛽-ICs and non 𝛼-, non 𝛽- ICs) observed under varying
physiological and genetic conditions. Conversion of 𝛽-IC to 𝛼-IC is induced by
models of metabolic acidosis, high density seeding during culture and culturing
subpopulations of pure 𝛽-IC populations19,66,95–97, whilst the opposite inversion
of cell polarity, from 𝛼-IC to 𝛽-IC, has also been observed in models of
metabolic alkalosis.66,96 Seeding density experiments also indicate that 𝛽-ICs
are perhaps a progenitor cell for the further differentiated 𝛼-ICs.97

7.3. Plasticity of CD epithelial cells

7.3.1. Clonal sublines indicate inherent cell plasticity in CD cell lines

Immunocytochemical analyses of mpkCCDcl4 single cell clonal populations
cells have shown that heterogeneity was vertically transmitted through cloning.
This result is in line with previous work on the mCCDcl1 cell line that similarly
looked at expression of classical PC and IC markers in clonal populations21.
The confirmation that this is seen in mpkCCDcl4 further indicates that
heterogeneity and plasticity of the mCCDcl1 cell line are not unique phenomena
of the spontaneously immortalised cell line, but inherent features of CD cell
lines.

Although the identity of the original cell of each clonal cell line is not known,
cell populations were regardless compromised of all 3 cell types of the CD
indicating that the origin cell had progenitor cell characteristics. Progenitor cell
type markers were identified in the scRNA-Seq data for mpkCCDcl4 cells such
as Pax2, Nfcat1 and Sox, which might suggest that the cell line as a whole and
not simply a small subset of cells has progenitor like characteristics. The
dominant cell type of the clonal populations was consistently the intermediate
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cell type which fits with suggestions of such cells as de-differentiated Aqp2+
progenitor cells with plastic capabilities to produce all epithelial cells of the
CD22,92,151.

What drives this transition between cell types is still a matter of research
although the role of Notch signalling is heavily implicated84,90,94,151. The ability
of both the mCCDcl1 and mpkCCDcl4 cell lines to transition between cell types,
makes them ideal models for studying the dynamics of the CD in an easily
controllable in vitro environment. The effect of changes in environmental
conditions as well as genetic alterations can be monitored in real time to
improve our understanding of the development of the CD and its response to
changes in mature adult kidneys alike.

7.3.2. Cell plasticity in the in vivo disease state

CD epithelial plasticity has been observed in vivo under a number of genetic
KOs and disease states including chronic kidney disease, distal renal tubular
acidosis,

nephrogenic

diabetes

insipidus,

and

as

reported

here,

SAME22,23,84,90,91,94 . In this study, the transition from PC to intermediate cell
observed in both mouse and rat models of SAME indicates that PCs are
dedifferentiating to a mixed cell which is in line with previous reports of a cell
expressing both PC and IC markers predominating under physiological stress
or genetic manipulation.22,23

The SAME mice exhibit sustained hypertension throughout development and
maturity but, as previously described, undergo a change in aetiology of the
hypertension

from

excessive

sodium

retention

before

80

days

to

vasoconstriction after 80 days191. Interestingly, this switch made no difference
to the cell types present in the CD despite sodium wasting in mice over 80
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days; The proportion of PC and intermediate cells in the CD before 5 weeks
(< 80 days) remained at similar levels as at 17 weeks (> 80 days).

Other studies note plasticity but report concomitant increases in PCs and
decrease in ICs, and vice versa, under certain conditions with no mention of
intermediate cells84,90,91,94. It is unclear whether these results may be as a
result of authors not being aware of the possible presence of this cell type at
the time of publication or whether they simply did not exist in significant number
under the conditions tested.

No plasticity was observed in the CD of mice on a high salt diet and/or under
the ACTH model of Cushing’s syndrome. One major difference between the
SAME and ACTH/ high salt animals studied here was the generation of the
models – genetic KOs in the Hsd11b2 KO mice and rats confer renal and
cardiovascular

complications

from

birth

which

continue

throughout

development whereas mice on a high NaCl diet and/or treated with ACTH were
only exposed to these conditions for 2 weeks having already reached
developmental maturity. For this reason, CD plasticity cannot be ruled out for
chronic high salt exposure or ACTH treatment in adult animals. Additionally,
further study into whether these exposures from birth or even gestationally
would impact on the development of the CD epithelia as is noted in Hsd11b2
KO animals, may produce differing results.

7.4. Sodium transport in the mpkCCDcl4 cell line

The mpkCCDcl4 cell line has classically been used as a model of sodium
transport within the CD. Although electrophysiological data presented here
indicate the mpkCCDcl4 cell line forms a resistive monolayer that is capable of
spontaneously transporting sodium, the physiological agonist of sodium
transport, aldosterone did not induce any significant change in transepithelial
voltage or resistance following application as might be expected.
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Previous study of the aldosterone response of mpkCCDcl4 cells has typically
used concentrations of the MR agonist well above the physiological
concentration used here (3nM) to produce a significant change in
current39,99,137,142. This indicates that stimulation of sodium transport in these
cells by aldosterone is taking place through GR stimulation rather than MR
stimulation. Furthermore, the GR antagonist RU486 is reported to inhibit the
majority of current stimulated by high concentrations of aldosterone (>10-9 M)
in mpkCCDcl4 cells and produce no significant effect on 3nM aldosterone
induced current in mCCDcl1 cells55,99. This suggests the complementary use of
the two cell lines to study the differences in MR and GR mediated sodium
transport.

Regardless of whether aldosterone stimulates sodium transport via the MR or
GR in the two cell lines, questions still remain as to the cause of the high
baseline voltage of mpkCCDcl4 and the reduction in resistance noted when
cultured in complete media. The scRNA-Seq data may shed some light on this.

CCA of the combined mCCDcl1 and mpkCCDcl4 cell datasets identified a
number of key differences between the expression of genes related to Na+
transport. Lower expression of Hsd11b2 and Nr3c2 (MR) combined with higher
levels of expression of Nr3c1 (GR) and Scnn1a (𝛼-ENaC) in mpkCCDcl4 cells
c.f. mCCDcl1 cells all suggest upregulation of GR-mediated Na+ transport.
Furthermore, two genes related to intracellular cholesterol, Npc2 and Ifitm3,
were identified as being upregulated in mpkCCDcl4 cells c.f. mCCDcl1 cells.
Although no direct links between the genes and Na+ transport were found, the
link between intracellular cholesterol and the activation of ENaC is well
established162,163.
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In addition, Tsc22d3, which has been shown to support sustained ENaC
activity by reducing degradation of SGK1 was upregulated in mpkCCDcl4 cells
c.f. mCCDcl1 cells.

Together these results suggest that the abnormally high baseline values
observed in mpkCCDcl4 cells in Chapter 4 may be as a result of a combination
of upregulation of key players in the GR-mediated Na+ transport pathway and
downregulation of key palters in the MR-mediated Na+ transport pathway. The
role of intracellular cholesterol is also hypothesised. Further to this, the lack of
significant aldosterone response observed in mpkCCDcl4 cells may be
explained if the baseline values represented maximal activity of the available
ENaC channels.

Furthermore, transient expression of GILZ1 has been used in H441 cells
(human lung origin) to mimic a GR-mediated increase in Na+ transport.181 The
reported presence of a GILZ isoform at ‘appreciable’ levels in unstimulated
mpkCCDcl4 cells by Western Blotting suggests that GILZ may be an important
factor in the high basal Na+ transport in mpkCCDcl4 observed in this study182.

A possible cause of the abnormally high transepithelial resistance observed in
mpkCCDcl4 cells, which gradually declined over the course of time in cell
culture, has not been identified from the scRNA-Seq data. The expression of
various cell adhesion proteins such as the claudins and integrins were
investigated but no obvious pattern was noted that could explain the resistance
development.
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7.5. The function of intermediate cells

7.5.1. Function of intermediate cells in mCCDcl1 and mpkCCDcl4 cells

The identity and function of PCs and ICs have been well studied and covered
in numerous reviews in the literature63,200,201. Given the increasing body of
evidence

regarding

the

intermediate

cell

type21,22,84,151,

a

similar

characterization is warranted for this cell. The main difficulty in characterisation
lies in separating the intermediate cell from PCs and ICs in terms of protein
expression and functionality given the apparent significant overlap in current
data, at least in terms of protein expression. The identification of specific
intermediate cell markers by Park et al is a step in the right direction but
determining functionality may prove more challenging84.

Clarifying the functionality, or lack thereof, of the intermediate cell is key to
understanding its role in both the physiological and pathophysiological context.
The principal question following this work is whether the intermediate cell is
capable of sodium transport. Both mCCDcl1 and mpkCCDcl4 cell lines displayed
spontaneous and amiloride-sensitive current indicating sodium transport
capabilities. Given the widespread expression of intermediate cell markers in
the cell line, determined by immunocytochemistry and scRNA-Seq analyses,
this would suggest that the intermediate cell type is functional as a PC, at least
in terms of sodium transport.

Alternatively, the possibility that a small sub-population of ‘true’ PC cells
(Aqp2+/ V-ATPase B1-/ Parm1-) was solely responsible for the observed
electrophysiological characteristics, cannot be ruled out at this stage. As
previously mentioned, when mCCDcl1 cells are cultured on traditional 2D
culture materials, domes form post-confluency as the cells detach from the
culture surface. These domes are capable of transporting sodium as indicated
by the sodium dye, Sodium GreenTM. In such domes, only a third of cells
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express ENaC202, giving an example of a small subpopulation of cells within
the mCCDcl1 populations transporting sodium. Despite this, the same report
indicates that the expression of ENaC is far greater when cells are grown on
filters, which were used for the electrophysiology experiments reported here.
This suggests that the sodium transport may be more widespread in mCCDcl1
cells when grown on filters. In addition, the Sodium GreenTM study did not
determine the sodium transporting cells as PC or intermediate but simply as
sodium transporting cells, which complicates any inferences about the
intermediate cell type.

Another complication of inferring functionality of the intermediate cells from CD
epithelial cell lines, is potential misattribution of function or loss of function. For
example, in the Adam10 KO study in mCCDcl cells, a shift in PC to intermediate
cell fate was aligned with a significant reduction in spontaneous current to
almost zero151. This might suggest that the intermediate cell type is not
functional in terms of sodium transport but under further inspection,
widespread loss of cell polarisation (in PCs as well as intermediate cells)
caused by disruptions to protein trafficking and downregulation of tight junction
protein expression was determined to be responsible. The report highlights the
importance of epithelial cell polarisation in the development and maturity of the
CD, an idea that has been previously been reported203 but also importantly
reinforces the importance of combining expression and functional data to
obtain a more complete picture of cellular identity and function.

7.5.2. Function of intermediate cells in vivo

The function of the intermediate cell is likewise not clear from the in vivo data.
In the SAME models, animals presented with symptoms indicative of
overactive PC function (sodium retention and potassium wasting) despite a
reduction in the proportion of PC cells in the CD, in favour of intermediate cells.
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This might suggest that the intermediate cell is capable of sodium transport
but albeit does not provide conclusive evidence. The typically PC related
symptoms of SAME may simply be as a result of excessive stimulation of
ENaC within the remaining PCs but the data collected cannot expressly
support this.

An example in which the entire CD was composed of intermediate cells is the
targeted Foxi1-/- mouse22. These mice developed renal tubular acidosis but
showed no change in serum sodium, calcium, diuresis or water intake
suggesting that the intermediate phenotype observed in these mice was not
impaired in terms of PC functionality.

Overall, the function of intermediate cells is yet to be conclusively defined. The
intermediate cell phenotype may behave differently in cell culture compared
with in vivo, or it may be able to switch on and off functionality given cues from
the surrounding environment. For example, in the Foxi1 KO mouse, to
maintain any sodium transport in the CD, the intermediate cells would have to
facilitate this. In the model of SAME, despite a reduction in PCs, a significant
number still remained. In this scenario, the intermediate cells may not be
required to transport sodium. Accordingly, it may be that there is significant
variation and plasticity within the intermediate cell type, as noted between the
IC subtypes.

7.6. Future directions

7.6.1. Recognition of the intermediate cell

The discovery of the intermediate cell type in WT mice by Park et al84, was an
important step in the knowledge and understanding of the cell type that had
previously only been reported in the immortalised mCCDcl1 line or in the
pathophysiological context of a genetic knockout21,22. The relevance of this cell
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type in the healthy CD warrants further investigation in terms of its
characterisation and function, in particular its response to environmental and
genetic cues.

Future work looking at CD cell types should consider PC, IC and intermediate
cell types in analysis and not one in isolation so that differences and similarities
can be teased out more easily. Ideally, triple staining experiments for each of
the cell types would be used such that intermediate cells are not assigned PC
or IC cells, as might be the case if no intermediate cell marker was used or if
merged channel images were not analysed for co-expression of PC and IC
markers. Unfortunately, the PARM1 and Sec23B antibodies optimised in
cultured cells here, did not produce a signal in tissue and no other suitable
antibodies were found, hence the reliance on dual staining of Aqp2 and VATPase B1 for the identification of intermediate cells. Furthermore, finding
appropriate human antibodies proved challenging, highlighting the need for
appropriate antibodies to facilitate this research.

7.6.2. Imaging considerations

Future studies using PC and IC markers should consider the importance of
analysing both single channel and merged channel images. This ensures
that dual staining intermediate cells are not missed but also that a strong
signal from any one channel does not obscure that of a weak signal in
another channel.

An additional imaging consideration is the relative z-plane focus for each
channel depending on the localisation of the marker in each channel. For
example, in this study, Aqp2 localised to the apical membrane, DAPI below
than the membrane and Parm1 throughout the cell and so it was important in
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this work to adjust the focal plane setting during image acquisition. Failure to
do so risks missing signal and mis-attributing cellular phenotype.

7.6.3. Isolating pure cell type populations: is it possible?

Heterogeneity was observed in all single cell clonal populations of mCCDcl1
and mpkCCDcl4 cells studied21. Even in cell populations one day after seeding
at low density, all cells expressed PC and IC markers. This poses the questionis it possible to first isolate and then maintain pure populations from the CD?

The current evidence would suggest no. The two previously determined ‘PC’
cell lines, mCCDcl1 and mpkCCDcl4 cell lines have been shown to be
heterogenous and no IC-specific cell line is commercially available. This
implies an interdependence of the CD cell types such that they cannot exist in
isolation, or at least not using conventional cell culture methods. This is
supported by complementary receptor/ligand interactions between PCs and
ICs that govern important signalling processes such as the Notch
pathway84,118,155.

Potential tools for isolating pure cell populations include flow cytometry,
transgenics or polymer arrays. Firstly, the commonly used technique of flow
cytometry followed by cell sorting allows analysis and separation of cell types
by fluorescence. Unfortunately, this method requires antibodies for cell specific
extracellular epitopes, of which there are not many suitable options available
for PCs or IC, either because of a lack of commercial availability or presence
of suitable extracellular markers on the cells themselves. Despite this, the indepth characterisation of the cell types using scRNA-Seq will hopefully
increase the pool of potential antibodies suitable for FACs sorting CD cells.

Chen et al, did just that, identifying 2 IC-specific cell surface markers – c-Kit
and Hepacam2, and so used c-Kit to isolate ICs and DBA to isolate PCs from
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mouse kidneys using in FACS (see section 7.2.1. for more on DBA). These
cell populations were studied using scRNA-Seq but despite separating
enriched PC or IC populations, the authors reported a degree of heterogeneity
in all of the isolated cell populations. This suggests that FACs alone is not
sufficient for maintaining pure cell populations in post-FACs culture.
Furthermore, the transcripts for Hepacam and c-Kit proteins were not found in
the scRNA-Seq data of mCCDcl1 or mpkCCDcl4 reported here in Chapter 5 and
so may not be suitable for separating mCCDcl1 and mpkCCDcl4 cells by FACS.

To isolate the intermediate cell may also prove challenging given the coexpression of PC and IC markers. A separate flow cytometry-appropriate
antibody for the intermediate cell would be required. The newly identified
intermediate markers, Parm1 and Sec23b are both intracellular proteins and
hence not suitable here. Further analysis of scRNA-Seq transcripts will
hopefully identify a suitable candidate for this task but for now, this complicates
the isolation of specific cell types from either primary cells or established cell
lines.

An alternative to this, would be to create a transgenic mouse or sub-line of the
mCCDcl1 or mpkCCDcl4 that expresses a common flow cytometry fluorescent
marker tagged to cell specific markers. With the cell lines, this is complicated
by the polyploid nature of mCCDcl1 and mpkCCDcl1 cells which confers gene
redundancy151. All attempts at CRISPR-Cas9 gene editing in the mpkCCDcl4
cells were unsuccessful in the course of this study but a recent report of a total
gene knockout in mCCDcl1 suggests that such gene editing is possible despite
the polyploid nature of the cells151. Even entire polyploid organisms have now
been edited using CRISPR-Cas9 technology including octoploid strawberries
and so it is expected that such experiments will become easier and cheaper
to carry out in a basic laboratory as technologies improve over time204.
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Another potential route of investigation is the selective culture of a specific cell
type using substrate materials that preferentially bind or allow the growth of a
particular cell type or restrict plasticity in a certain direction. Instead of
identifying possible molecules that might do this, a possible tool is to grow CD
cells on a polymer screening array containing a wide range of polymers
(potentially 100s if not 1000s per array), which can then be studied for ‘hits’
that show growth of only PC or IC cells for example. This technique has been
utilised for many purposes but most relevant to the CD is the identification of
a hydrogel that acts as a culture substrate for human embryonic stem cells,
maintaining pluripotency through passaging and maintenance205,206. The
anchoring of the cells to the polymer may be enough to inhibit any transition
between cell types.

7.6.4. Development of 3D cell culture models

2D cell culture models have advanced our understanding of molecular and cell
biology immensely over the last century. These models are cheap,
reproducible and facilitate long-term cell culture. However, as we learn more
about the importance of intracellular interactions and interactions between
cells and their environment, the need for more complex cell culture models that
effectively mimic in vivo conditions grows. Although increased interest in such
models has led to a rapidly advancing field, viable solutions for all cell culture
models are not available yet207–209.

3D cell culture models ideally mimic in vivo features that are not entirely
addressed by 2D models such as natural tissue structures, preserved cell
morphology, gene expression and cell polarity to name a few210,211. This is
particularly pertinent to the kidney given the high number of distinct cellular
phenotypes which work in interaction together and respond to a myriad of
genetic and environmental cues. The monolayer of cells formed in 2D cell
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culture is an overly simplistic model of the in vivo monolayer. Epithelial cells
are sensitive to fluctuating levels of circulating hormones such as aldosterone
and vasopressin as discussed previously, but also to the concentration of
solutes in luminal filtrate and blood as well as the sheer stress of the luminal
filtrate at the apical membrane39,55,212. Using 2D cell culture models, it is hard
to model for these features consistently.

The introduction of flow to cell culture models has been shown to increase
viability of renal tubular cells under oxidative stress, enhanced proliferation and
alter cellular structure including cell junctions213,214. Furthermore, luminal flow
rate and shear stress are known to affect the reabsorption and secretion of
important solutes in the nephron such as Na+, K+, NO- and superoxide215–218.
A key component of such sensory regulation is the primary cilia found on the
apical membrane of PCs in vivo. Changes to, or loss of, the cilia can disrupt
ATP secretion and calcium signalling and have been linked to polycystic
kidney disease and kidney fibrosis27,219. Using current 2D cell culture methods,
mCCDcl1 cells do not express primary cilia. Even on filters, cilia are found in
low number in the mCCDcl1 cells. A 3D cell culture model that incorporated
flow, such as via a microfluidic device, and produced mCCDcl1 cells with
primary cilia would be useful for future models of the CD202. An example of
such has been demonstrated for the proximal tubule where human proximal
tubule cells were cultured on a type I collagen hydrogel220. Upon the
introduction of fluid sheer stress, the PT cells polarised and exhibited primary
cilia.

Another consideration for 3D kidney cell culture models is the extracellular
matrix (ECM). The ECM acts not only as a structural support for the tubular
nephrons and vasculature of the kidney but as an active feedback system to
the cells. The ECM varies by region of the kidney in terms of composition and
mechanics, with changes to these factors implicated in disease states such as
renal fibrosis221.
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Developing these 3D cell culture models for the kidney will not only enhance
our understanding of the complex interactions taking place there but also
reduce reliance on animal models for basic research. Furthermore, the use of
physiologically and structurally relevant models for nephrotoxicity assays in
pre-clinical drug testing can hopefully begin to predict, and hence eliminate,
chemical entities that show drug-induced renal failure, an important
consideration, as drug-induced acute renal failure accounts for 20% of
community and hospital acquired cases222,223.
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