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ABSTRACT

There is increasing evidence that extracellular nucleotides (such as ATP, ADP, UTP and
UDP), as well as the nucleoside adenosine, bchave as autocrine or paracrine agents in
most tissues including the kidney, acting on a group of receptors known as purinoceptors.
Previous studies have shown that activation of these receptors by exogenous nucleotides

can influence a variety of renal vascular and tubular functions.

Purinoceptors of various subtypes are present on basolateral and apical membranes of
renal tubules. However, the extent to which apical receptors are stimulated by
endogenous nucleotides is unknown. Using micropuncture, the first part of this study
quantified endogenous ATP in the lumen of proximal and distal tubules of the rat in vivo,
both under control conditions and during pathophysiological manoeuvres. The results
showed that ATP levels were sufticiently high to activate some purinoceptor subtypes.
To assess whether the intraluminal ATP was being secreted or merely filtered at the
glomerulus, the ATP content of fluid from Bowman’s space (in Munich-Wistar rats) was

compared with that in proximal tubules. The conclusion was that tubular epithelial cells

secrete ATP.

Using a proximal tubular epithelial cell line. the mechanism of ATP release was
examined. Intracellular stores of ATP were visualised using a marker compound
(quinacrine), and the fate of these stores was monitored following hypotonic stimulation
of ATP release. The findings suggested that ATP is stored within the cytoplasm, possibly

in vesicles, and is released by exocytosis.

In the final part of the investigation, using immunohistochemistry, the distribution of five
nucleotide-hydrolysing ectonucleotidases, namely NTPDases 1-3, NPP3 and ecto-5’-
nucleotidase, was examined along the rat nephron. These enzymes (which differ in their
hydrolysis pathways) were found to be differentially expressed along the major segments

of the nephron, suggesting that they may be strategically located to influence the activity

of the different purinoceptor subtypes.
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CHAPTER 1

GENERAL RENAL PHYSIOLOGY

23



1.1 Introduction

The kidney has important physiological roles in regulating ion levels such as sodium,
potassium, chloride, magnesium, calcium and phosphate, as well as maintaining acid-
base balance and the overall osmolality (285-295 mosmol/kg H,0) of the body fluids.
By controlling sodium excretion, the kidney also regulates extracellular fluid volume
and blood pressure. As well as the removal of drugs and toxins, the kidney is
responsible for the excretion of urea (the end product of protein metabolism), uric
acid (from purine metabolism) and creatinine (from muscle metabolism), and for the

secretion of erythropoietin, 1, 25 dihydroxycholecalciferol and the enzyme renin.

1.2 Glomerulus

Together, the kidneys receive a renal blood flow of approximately 1000ml/min (in
humans). Blood entering the glomerulus is filtered to produce an ultrafiltrate of
plasma. The ultrafiltrate has an almost identical concentration of small molecules and
ions such as glucose, amino acids, urea, sodium, potassium, etc., to that of the renal
arterial plasma, but is virtually free of any large proteins. Small proteins (<69,000
daltons in MW) are freely, or partially, filtered. The ability to form this ultrafiltrate is
governed by both the anatomical structure of the glomerulus and the physical forces,
namely the Starling forces (hydrostatic and oncotic pressures), that control the

movement of fluid across the glomerular capillary wall.

1.2.1 Anatomy of glomerulus

In moving from the glomerular capillaries to the Bowman’s capsule, the filtrate must
traverse three layers comprising (i) the endothelial cells lining the capillary; (i1) the
glomerular basement membrane (non-cellular connective tissues) and (iii) the visceral

epithelial cells (also known as podocytes) of the Bowman’s capsule (see Fig 1.1).
The endothelial cells of the glomerular capillaries are thin and flattened and are

separated by many circular pores or fenestrations of approximately 70-100 nm in

diameter (in the human kidney). These fenestrations function as a sieve or filter that
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allows the passage of molecules but prevents the passage of cells. A polyanionic
surface glycoprotein provides the endothelial capillary surface with a negative charge.
The next two layers, namely the basement membrane and the visceral epithelial cells,
contribute significantly to the filtration barrier. The basement membrane lies directly
beneath the endothelial cells and forms a continuous porous membrane composed of
collagen IV, laminin, fibrinogen and polyanionic heparin sulphate proteoglygan, all of
which are negatively charged. Directly below the basement membrane are visceral
epithelial cells that have large cytoplasmic processes (foot processes) that extend to
contact directly the basement membrane. The distance between adjacent processes
can range between 25 and 60 nm, forming filtration slits. Each filtration slit is
bridged by a membrane known as the slit diaphragm, composed of the protein
nephrin, which also contains pores (4 - 14nm) to allow the passage of small molecules
(Mathieson, 2004).

EnC Fenestrations

filtration slit

Fig. 1.1: Electron micrograph of a normal filtration barrier in the glomeruli.
Endothelial fenestrations are formed between adjacent endothelial cells (EnC). The
cytoplasmic foot processes (FP) of visceral epithelial cells are in direct contact with
the basement membrane (BM) to form the filtration slit. Image taken from website:

http://www.nephrohus.org/uz/sm semio renale folder/images permselect folder/Ph

oto filtration barrier.html.
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The filtration barrier discriminates predominantly on the basis of size. However,
large anions (such as proteins) are restricted additionally due to their negative charge,
because the negatively charged glycoproteins found on each surface of the filtration
barrier serve to hinder their passage. Abnormalities in the expression of these surface

proteins have been shown to result in proteinuria (Mathieson, 2004).

1.2.2 Glomerular filtration rate (GFR) and autoregulation

The rate at which fluid crosses the glomerular membranes (glomerular filtration rate;
GFR) is determined by the balance of the Starling pressures: the hydrostatic pressure
in the glomerular capillaries, favouring filtration is opposed by the hydrostatic
pressure in the Bowman’s capsule and the oncotic pressure in the glomerular

capillaries.

In order to avoid disastrous fluctuations in the excretion of water and solutes, GFR
remains relatively constant over a wide range of arterial pressures, a phenomenon
known as autoregulation. Although autoregulation in the kidneys has been recognized
for many years, our understanding of how the autoregulatory mechanisms operate
remains incomplete (Inscho, 2001). The key mechanism involves alterations in the
resistance to blood flow in the afferent arteriole, whereby the vasoconstriction and
vasodilation of this arteriole (which is also controlled through nervous, hormonal and
paracrine systems) can increase or decrease preglomerular resistance. Two principal
autoregulatory responses that occur when renal perfusion pressure is altered are (i) the
myogenic control mechanism and (ii) the tubuloglomerular feedback (TGF)

mechanism.

(i) The myogenic control mechanism

The myogenic control mechanism involves contraction and relaxation of the smooth
muscle afferent arteriole wall in response to increases or decreases in vascular wall
tension. A rise in perfusion pressure will result in the initial distension of the arteriole
wall, followed by contraction, which increases pre-glomerular vascular resistance to
ultimately normalize GFR. It is believed that the mechanism by which this occurs

involves stretch-sensitive channels which, when activated, result in increased influx of
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Ca®*, causing depolarisation of the muscle and inducing contraction (Maddox and
Brenner, 1991).

(ii) The tubuloglomerular feedback (TGF) mechanism

Increased arterial pressure results in a transient rise in renal blood flow, and
glomerular capillary hydrostatic pressure, which results in a rise in GFR and increased
tubular flow rate. This rise in tubular flow rate is monitored by increased sodium
chloride delivery at the end of the thick ascending limb (TAL), by a group of
specialised epithelial cells collectively known as the macula densa. The increased
sodium chloride delivery to these cells initiates a sequence of events to increase
preglomerular arteriolar resistance, thereby normalising renal blood flow, glomerular
pressure and ultimately GFR. This response is possible because the macula densa of

every nephron makes contact with its glomerulus of origin.

The signal from the macula densa that induces afferent arteriole vasoconstriction is
not fully defined. Because there are no gap junctions between the cells of the macula
densa and the smooth muscle arteriolar wall, the general consensus is that a chemical
mediator is released from the macula densa to produce this TGF response. Adenosine
and ATP are two strong candidates. With respect to adenosine, various studies using
(1) mice deficient in adenosine A receptors and (ii) acute blockade of A, receptors
have shown that the TGF response is inhibited (Sun et al, 2001; Osswald et al, 1996).
Further studies involving the inhibition of an enzyme involved in the conversion of
AMP to adenosine, namely ecto-5’ nucleotidase, has revealed that TGF efficiency is
attenuated (Castrop et al, 2004; Thomson et al, 2000), demonstrating adenosine as a
key mediator. With respect to ATP, Bell and colleagues (2003) were able to
demonstrate the release of this nucleotide from the basolateral membrane of macula
densa cells following elevations in luminal NaCl concentrations; the subsequent
elevations in renal interstitial ATP concentrations were reported to increase vascular
resistance of the afferent arteriole, an effect mediated by activation of P2X and/or
P2Y; receptors (Komlosi et al, 2005).  Overall, these studies strongly suggest that
ATP released from the basolateral membrane of the macula densa cells acts on P2
receptors on the afferent arteriole to induce vasoconstriction; and that some

extracellular ATP is hydrolysed by ectonucleotidases (including ecto-5’ nucleotidase)
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to produce adenosine, which, through the activation of A, receptors found on the

same tissue, augments the response.

Ultimately, the rising levels of adenosine could lead to the activation of A4 receptors
also found on the afferent arteriole, which display lower sensitivity to activation than
the A, receptors. Activation of the A,4 receptors acts to counteract and/or attenuate

the vasoconstrictive response.

2.2.3 Mesangial cells

Surrounding the glomerular capillaries are mesangial cells, which, with their
surrounding matrix, constitute the mesangium. The mesangium provides structural
support to the glomerulus and prevents pernicious distension of the capillary wall
following elevations in intracapillary hydrostatic pressure. It comprises an array of
microfilaments containing actin and myosin that enable it to contract and relax. The
mesangium may thus influence blood flow through capillaries, and the surface area
available for filtration, through this ability to contract and relax in response to various
paracrine/autocrine factors. Activation of purinoceptors on mesangial cells has been
implicated in influencing the contraction and relaxation of the mesangium. In this
context, pre-contracted glomeruli were found to relax in an ATP-dependent manner;
an action which was reversed with time, assumed to be the result of increasing

adenosine levels (from the hydrolysis of ATP) (Jankowski et al, 2001).

The information given in the remaining part of this chapter outlining tubular function
has been taken from the following sources: Tisher and Madsen, 1991; Koeppen and
Stanton, 2001 and Lote, 2000.

1.3 Proximal tubule

The proximal tubule consists of a convoluted segment known as the proximal
convoluted tubule (~2/3 of the proximal tubular length) and a relatively straight
segment known as the pars recta. Taken together, these segments may be further
subdivided into three distinct segments: (i) the S1 segment, which comprises the
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initial short section of the proximal convoluted tubule; (ii) the S2 segment, which
makes up the remaining proximal convoluted tubule and the initial (cortical) portion
of the pars recta; and (iii) the S3 segment, which consists of the medullary pars recta.
Cells of the proximal tubule have a large number of mitochondria primarily located
near the basolateral membrane and have a relatively permeable tight junction near the
apical surface between adjacent cells. Cells of the proximal convoluted tubule (in
particular the early regions), have very high rates of solute and water reabsorption.
This is facilitated by the apical membrane having numerous microvilli, and the
basolateral membrane having large invaginations increasing the surface area available

for reabsorption to occur.

From the filtered load, the proximal convoluted tubule is responsible for reabsorbing
~15% magnesium; ~ 45% chloride, potassium and urea; ~ 50% sodium, calcium and
water; ~ 80% bicarbonate and phosphate; and ~ 100% glucose, amino acids and
proteins. Much of this solute reabsorption occurs against electrochemical gradients
and is achieved through the coupled transport of Na” moving into the cell down its
concentration gradient created by the Na'-K'ATPase located on the basolateral
membrane (see Fig. 1.2). Water reabsorption along the proximal tubule occurs
largely, possibly exclusively, via aquaporin-1 (AQP-1) channels located on the apical

and basolateral membranes.

Most of the filtered glucose, amino acid and phosphate reabsorption occurs in the S1
segment of the proximal tubule, via a sodium-dependent transcellular route. Both the
S1 segment and the initial portion of the S2 segment are involved in bicarbonate
reabsorption, which is predominantly dependent on the apical Na'/H" exchanger and,
to a lesser extent, H'ATPase secreting H' into the lumen. The secreted H' ions
combine with filtered HCO; to form H,COs, a substrate for brush-border carbonic
anhydrase (type IV), and is rapidly converted to CO; and H,0, which can readily
diffuse across the apical cell membrane. Once in the cytoplasm, intracellular carbonic
anhydrase (type II) reassociates the molecules to form H* and HCOj5'; the HCO5 is

transported across the basolateral membrane (via the Na"HCO;" cotransporter).

Activity of the Na'/H" exchanger can be modulated by increased angiotensin II levels

(stimulated by extracellular volume depletion and/or acidosis) which acts to directly
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stimulate the activity of this exchanger, to ultimately increase H' secretion (and

therefore bicarbonate reabsorption) and Na” reabsorption in the proximal tubule.

The initial portion of the S2 segment has a primary role in chloride reabsorption, but
is also involved in the reabsorption of sodium and any remaining glucose or amino
acids. Reabsorption of potassium occurs in the S2 segment, although the mechanism
1s unclear; it is thought that it may occur via a passive paracellular route, the primary
driving force being the lumen-positive potential difference (~2 mV) created from the

passive paracellular reabsorption of CI ions in this segment.

Finally, the pars recta (i.e., the remaining portion of the S2 segment and the S3
segment) is involved in the secretion of organic acids and bases via a transcellular
route. It is also believed that potassium secretion occurs here. In addition to these
secretory processes, solute and water reabsorption also occurs in the pars recta (albeit

at a lower rate than that of the S1 or S2 segments of the proximal convoluted tubule).

1.4  Loop of Henle

Anatomically, the pars recta is regarded as the first section of the loop of Henle. The
pars recta leads into a thinner region of the nephron known as the thin descending
limb (tDL) and the thin ascending limb (tAL). Cells in these segments are thin and
flat, with short microvilli and few mitochondria and demonstrate little or no Na* K*-
ATPase activity. The tDL has a relatively low permeability to sodium but a high
permeability to water owing to the expression of AQP-1 channels on the apical and
basolateral membranes, enabling water to move passively from the tubule into the
hypertonic medullary interstitium. The loss of water from the tDL results in a rise
luminal NaCl concentration. This provides a driving force for these ions to move out
passively from the tubule into the interstitium in the tAL, which lacks AQP-1

channels but demonstrates high solute permeability.

1.4.1 Thick ascending limb (TAL)

The tAL leads into the TAL. Compared to the thin limbs, cells in this region are

thicker, have more microvilli and a much greater number of mitochondria; they also
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display high levels of basolateral Na'-K*ATPase activity. This region of the nephron
is responsible for most of the solute reabsorption that occurs in the loop of Henle.
Reabsorption of sodium occurs both transcellularly and paracellularly. Transcellular
NaCl transport occurs via the Na'-K'-2Cl" cotransporter located on the apical
membrane. Both the Na* and CI” ultimately exit the basolateral membrane, the Na*
via the basolateral Na'-K'ATPase and the Cl" via CI' channels and a K'-CI
cotransporter. However, the K" that enters across the apical membrane is recycled
back into the lumen (through channels), so that it can sustain the apical Na*-K*-2CI
cotransporter (see Fig. 1.2). In addition, although the Na'-K"-2CI" cotransporter is
intrinsically electroneutral, the release of K* into the lumen, together with the CI
conductance in the basolateral membrane, establishes a transepithelial potential
difference that is lumen positive, providing a driving force for the paracellular
movement of cations such as Na*, K*, Ca®* and Mg”**. The transepithelial potential
difference would also, in theory, cause anion secretion to occur; however, the
paracellular tight junction is selective for cations. Overall, the TAL has a
considerable reserve for reabsorbing more Na®, so that if the proximal tubule fails to
reabsorb the usual two-thirds of filtered Na’, the TAL is able to compensate partially
by reabsorbing more. Like the tAL, the TAL displays no aquaporin channels and is
water impermeable. A unique feature of the TAL is its production of Tamm-Horsfall
protein; this glycoprotein is thought to have a protective role in preventing bacteria

adhering to tubular cells.

Overall, the loop of Henle (including the pars recta) is responsible for the reabsorption
of ~25% filtered water; ~40% Na*, ~45% CI” and K" and a significant fraction of Ca**
and Mg™.

1.5 Distal tubule

The distal tubule of the nephron may be defined as the nephron segment interposed
between the macula densa region (located in the distal part of the TAL) and the first
confluence with another nephron to form the cortical collecting duct. On this basis,
the distal tubule comprises four anatomically discrete subsegments: a short region of

the TAL (also known as the distal straight tubule), the distal convoluted tubule
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(DCT), the connecting tubule (CNT) and the initial portion of the cortical collecting
tubule (CCT).

1.5.1 Distal convoluted tubule (DCT)

The DCT is made up of two segments: the initial segment, DCT, (made up solely of
DCT; cells), and the latter portion, DCT, (made up of DCT, cells and intercalated
cells [see below]). The DCT demonstrates the highest Na'-K* ATPase activity of the
nephron. Sodium transport in this region occurs transcellularly predominantly via the
thiazide-sensitive apical Na'-Cl" cotransporter. Both DCT; and DCT; cells express

this cotransporter; DCT} cells in addition have an apical Na' channel.

1.5.2 Connecting tubule (CNT)

The CNT comprises connecting tubule cells and intercalated cells (25 to 45%).
Sodium transport across the apical membrane mainly occurs via the amiloride-
sensitive Na' channel (ENaC). The apical membrane also expresses a K™ channel,
through which some K secretion occurs. As well as expressing apical AQP-2
channels, this segment also displays basolateral vasopressin V; receptors, suggesting

that vasopressin-sensitive water reabsorption occurs (see below).

Overall, the distal tubule of the mammalian kidney reabsorbs ~5% of the filtered
sodium and chloride under normal conditions and participates in net K* secretion, the
latter using the same mechanism as in the cortical collecting duct (see below).
Although the majority of Ca®* reabsorption occurs along the proximal tubule and the
thick ascending limb through a paracellular route, the remaining Ca®" reabsorption
occurs in the DCT and CNT, transcellularly. Ca®* entry into the cell occurs via a
channel located on the apical membrane; once inside the cytosol, Ca®* binds onto a
calcium-binding protein, Calbindin-D, which transports it to the basolateral side for

exit via a Ca®* ATPase or Na*/Ca®* exchanger.
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1.6  Collecting duct

The collecting duct may be divided into the cortical collecting tubule and the outer
and inner medullary collecting ducts. The collecting duct normally reabsorbs
approximately 3-4% of the filtered sodium chloride. Reabsorption of chloride most
likely occurs through the paracellular pathway, driven by the lumen-negative
transepithelial voltage (up to 40mV) created by ENaC-mediated Na" reabsorption.

Another possible route is via f-intercalated cells (see below).

1.6.1 Cortical collecting tubule (CCT)

The cortical collecting tubule is made up mainly of principal cells, interspersed with
intercalated cells (30 to 40 %). The principal cell is primarily concerned with Na* and
H,0 reabsorption and K" secretion. K enters the cell via the Na*-K* ATPase pump
located on the basolateral membrane; it is then released into the lumen via channels
located on the apical membrane. Secretion of K' is mainly attributed to the
reabsorption of Na® (occurring via ENaC-channels expressed on the apical
membrane), whereby the entrance of Na' into the cell electrogenically favours K*
secretion. Na' reabsorption and K secretion by principal cells depend on the activity
of the Na"™-K'-ATPase pump in the basolateral membrane. Its activity provides a
chemically favourable environment for the movement of both ions across the apical

membrane.

The reabsorption of these ions in principal cells is influenced by aldosterone, which
acts to increase the permeability of the luminal membrane to Na* (and possibly to K*)
and increase the activity of Na' K'-ATPase in the basolateral membrane, achieved by
increasing the synthesis of these channels and transporters and ATP production; the

net result being increased Na* reabsorption and K secretion.

Water reabsorption in principal cells is mediated via AQP-2 channels expressed on
the apical membrane and sub-apical regions. The expression of AQP-2 on the apical
membrane is influenced by vasopressin, where, upon binding to vasopressin receptors

on the basolateral membrane, vesicles containing AQP-2 are translocated to the apical
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membrane. Movement of water through the basolateral membrane is mediated via

AQP-3 and AQP-4, which, unlike AQP-2, are constitutively expressed.

Intercalated cells
Intercalated cells represent the minority cell type within DCT,, CNT, CCT and
medullary collecting duct. Based on the polarity for the expression of H-ATPase,

these cells may be sub-classified into either a- or B-intercalated cells.

Alpha

Alpha-intercalated cells have an apical H'-ATPase and an apical H'/K'-ATPase
which function in series with the basolateral HCO3/Cl” exchanger to secrete H' into
the lumen. In addition to its effects on principal cells, aldosterone may also stimulate

H'-ATPase activity in these cells, thereby stimulating H" secretion.

Beta
Beta-intercalated cells have an apical HCO;/Cl™ exchanger and a basolateral H'-
ATPase. They secrete HCO;' into the intraluminal environment, particularly during

metabolic alkalosis.

1.6.2 Outer medullary collecting duct

The outer medullary collecting duct has a similar structure to that of the CCD,
composed of modified principal and intercalated (mainly a-intercalated) cells. As the
collecting duct progresses towards the inner medulla, the proportion of intercalated

cells gradually declines.

1.6.3 Inner medullary collecting duct

The initial section of the inner medullary collecting duct is similar to the outer
medullary collecting duct, containing modified principal cells expressing ENaC
channels on the apical membrane (but no apical K* channels) and a-intercalated cells.
The number of a-intercalated cells gradually diminishes, becoming absent as the duct

progresses towards the papilla.  The terminal regions of the inner medullary
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collecting duct consists of a single cell type known as the inner medullary collecting

duct cells.
Vasopressin-sensitive water reabsorption continues throughout the medullary
collecting duct, with a small amount of NaCl reabsorption. K" secretion is not

thought to occur.

Fig 1.2 summarizes the major transport mechanisms occurring along the nephron.
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Fig. 1.2: Schematic diagram showing major transport pathways along the nephron.
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CHAPTER 2

PURINOCEPTORS AND RENAL PHYSIOLOGY
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2.1 Introduction

Extracellular nucleotides such as ATP, ADP, UTP and UDP, as well as the nucleoside
adenosine (see Fig 2.1), are now widely accepted as autocrine or paracrine signalling
agents in most tissues including the kidney. Their actions were first recognised in the
nervous system where nucleotides and nucleosides act on a group of receptors
commonly known as ‘purinergic receptors’. However, receptors sensitive to
nucleotides and nucleosides were subsequently identified in many non-neuronal
tissues, and so the term ‘purinoceptors’ was adopted (Gordon, 1986; Burnstock and
Knight, 2004). Purinoceptors sensitive to nucleotides are known as P2 receptors and
consist of ligand-gated P2X receptors (which are non-selective cation channels) and
G-protein-coupled P2Y receptors.  Purinoceptors sensitive to the nucleoside
adenosine are known as P1 (adenosine) receptors. Each family comprises a number
of subtypes. Activation of these receptors has been found to modulate ion and water

transport in many epithelia including those in the kidney (Leipziger, 2003).
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Fig. 2.1: (A) Structure of ATP molecule (note that, at physiological pH, most ATP is
present in the anionic form). (B) Structure of ATP, showing potential cleavage sites
at phosphodiester and phosphoanhydride bonds for the formation of ADP, AMP and

adenosine.
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2.2 Structure and signalling cascade of purinoceptors

2.2.1 The P2X family

Like all other ligand-gated ion channels, functional P2X receptors are formed by the
assembly of a number of subunits. To date, seven P2X sub-units (P2X ;_7) have been
cloned that form into either homomeric or heteromeric assemblies. A functional P2X
receptor (either homomeric or heteromeric) may consist of three or six subunits. Each
P2X subunit is between 379 and 595 amino acids in length, with P2X, being the
shortest and P2X the longest (North, 2002).

M ¢<
c
?iil
c c | ¢
!
|| =4
c-¢
™1 ™

-

Fig. 2.2: Structure of the P2X; receptor subunit. Both the N and C termini of each
P2X subunit are intracellular, and there are two transmembrane spanning regions
(TM1 and TM2) concerned with channel gating and formation of the ion pore,
respectively. The extracellular loop has 10 conserved cysteine residues (©) which

contribute to the formation of disulphide bridges (from North 2002).
(i) Homomers of P2X receptors

Homomeric receptors are composed of multiples of a single receptor subunit. Torres
and colleagues (Torres et al, 1999) examined the possibility of each of the seven P2X
subunits forming physiological homomers, by transfecting cells with a single subunit
P2X receptor subtype cDNA. The homomeric assembly formed was functionally

tested for its ability to generate cation currents. The results showed that all, with the
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exception of the P2X¢ receptor, were able to generate cation currents and thus were

able to form homomeric channels.

All members of the P2X family share a common feature in that they are receptive to
ATP. However, some homomeric P2X receptors, namely P2X, 3 4 & s, have variable
preferences for other nucleoside triphosphates such as UTP, CTP, GTP and ITP (as
shown in Table 2.5). Neither ADP nor AMP activates P2X receptors, except for P2X;
which will respond to ADP and AMP following prior activation by ATP. The
assembly of each of the homomers (with the exception of P2X) is believed to exist as
a trimer of identical subunits (Aschrafi et al, 2004). The duration of activation and
inactivation of P2X receptor subtypes varies between the homomers and can take
place over a few seconds, as seen with P2X,, ; g s, or over tens of seconds, as seen
with P2X; ,nq 4. Activation of the P2X5 receptor is irreversible (King and Townsend-
Nicholson, 2003).

Following activation, these ligand-gated ion channels depolarise cell membranes
through the influx of extracellular Na* ions and/or activate internal enzymes through
the influx of extracellular Ca®* ions. The sensitivity to ATP as well as the
permeability properties can vary significantly amongst the P2X assemblies.
Exogenous ATP acts on P2X; homomers to elicit cation currents with an ECs (the
concentration required to induce 50% of the maximal effect) close to 0.1uM. Once
activated, this receptor has high permeability to Ca** as well as to Na* and K*. The
P2X, receptor homomer has a higher ECs, value (SuM) and is less permeable to Ca®*.
Further studies indicated that a point mutation increased the sensitivity of this
receptor, reducing the ECso value from 5uM to 1uM. Even less permeable to Ca** is
the P2X; receptor homomer, which has an ECsy value of 1.2uM. The P2X4
homomeric receptor displays a permeability to Ca* that is higher than that of P2X,
but lower than that of P2X,, and has an ECsy of 4uM to ATP. Little is known
concerning the P2Xs homomer; however, activation of P2Xs (ECsp = 0.4uM) elicits
smaller currents than P2X; 7 3 or 4. P2X¢ does not form a functional homomer. P2Xj5,
which will only function as a homomer, has the highest ECsy value of 0.4mM (North,
2002). Once activated, the P2X; receptor displays high permeability to Ca?*, Na**, K*
and even CI” (Burnstock and Knight, 2004). Table 2.5 lists the ECs values (for ATP)
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of the various homomers of the P2X receptors and their affinities for other naturally

occurring nucleotides.
(i)  Heteromers of P2X receptors

The potential of the P2X subunits to oligomerize with other P2X subunits was
examined using coimmunoprecipitation studies on subunits that were tagged using
oligonucleotide primers ‘FLAG’ or ‘haemagglutinin’ epitopes at the C-termini of all
P2X receptor subunits. These flags were then probed with antibodies using western

blot procedures and potential heteromeric complexes identified as shown below
(Table 2.1).

P2X, P2X, P2X, P2X, P2Xs P2X, P2X,

P2X, + + + -
P2X, + + -
P2X, + -
P2X, +
P2X,

P2X,

P2X, +

+ o+ + o+ o+
+ +
{

!
!

Table 2.1: Summary table showing which P2X receptor subunits are able to
coassemble to form a potentially functional multimeric receptor. P2X,; and P2X; will
coassemble with each other as well as with P2X;, P2Xs and P2X,. P2X; will
assemble with P2X,, P2X, and P2Xs. P2X,; will assemble with P2Xs and P2X,.
P2Xs will form coassemblies with P2X;., whereas P2X, will assemble with P2X,,
P2X,, P2X,4 and P2Xs. P2Xj; receptors will only form homomers. (Table taken from
Torres et al, 1999).

To date, several functional heteromultimers have been described, and include P2X,/;
(Radford et al, 1997), P2X4, (Le et al, 1998), P2X,;s (Haines et al, 1999), P2Xy
(King et al, 2000) and P2X;; (King and Townsend-Nicholson, 2003). These
heteromultimer complexes were largely identified by western blot procedures

performed on cells transfected with different P2X subunits, whereby heteromultimer
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complexes were confirmed by the observation of consistent positive staining when
antibodies specific for either subunit were used. Evidence was also obtained from
pharmacological characterization, observing changes in sensitivity (measured by
changes in current activity) upon exposure to various agonists and antagonists in
whole tissue and transfected cell lines. So far, the heteromeric combinations listed

above have been found naturally in the vasculature and central nervous system (CNS).

Little is known concerning the functional role and responses of the heteromers, as
most of the P2X subunits also function as homomers. Some heteromeric complexes
have been identified that share some properties/characteristics of their homomeric
counterparts. Thus, the P2X,,4 heteromer has a similar pharmacological profile to the
P2X, homomer. Conversely, the P2X;/ heteromer displays a lower sensitivity to ATP
than does the P2X; monomer. The heteromeric P2X/s receptor is more sensitive than
either the P2X, or P2Xs homomer, eliciting currents with ATP concentrations as low
as 3-10nM. Although this heteromer displays high sensitivity to ATP, the receptor is
much less permeable to Ca®* than is the P2X; homomer (the permeability of P2Xs to
Ca’* has not been quantified). The P2Xj;3 heteromer displays similar permeation
characteristics to the P2X3; homomer (North, 2002). The duration of activation may
also vary amongst the P2X heteromeric receptors and can occur either over a few
seconds, as seen with P2X,, and P2X,s or over tens of seconds, as seen with P2X;3

and P2X3s receptor assemblies (King and Townsend-Nicholson, 2003).

2.2.2 The P2Y family

The P2Y family consists of G protein-coupled, metabotropic receptors, the activation
of which may then either activate phospholipase C to release intracellular calcium
stores, or alternatively influence adenylate cyclase to alter cAMP levels (Burnstock
and Knight, 2004). In mammals, there are currently known to be eight P2Y receptors
(P2Y), 2, 4, 6, 11-14), €ach of which exists in the cell membrane as a single monomer.
Evidence for the existence of homodimeric or heterodimeric assemblies remains
controversial; co-expression of P2Y; with a member of the adenosine receptors (A;)
has been demonstrated in coimmunoprecipitation and immunocytochemistry studies,
but so far has only been identified in rat brain (Yoshioka et al, 2002; King and
Townsend-Nicholson, 2003).
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Fig. 2.3: Structure of a P2Y receptor, consisting of seven transmembrane regions
(TM 1-7) which help to form the ligand docking pocket. The N-terminus is
extracellular and does not have critical importance in agonist binding, whereas the
intracellular C-terminus, (which varies in length amongst the different subtypes of the
P2Y receptors) is believed to have a significant role in coupling to Gg11, Gs and/or G;
proteins. The majority of P2Y receptors couple to Gg; proteins, activating
phospholipase C and promoting inositol lipid-dependent signalling. However, P2Y,
can couple to both Gy, and G protein to stimulate adenylate cyclase activity, and
P2Y,, P2Y,; and P2Y 4 couple to G; or Gj, to inhibit adenylate cyclase activity
(Burnstock and Knight, 2004; Wolff et al, 2004).

P2Y receptors may be activated by both purine- and pyrimidine-based nucleoside tri-
and diphosphates. P2Y;; is only activated by ATP, with an ECsy value of
approximately 28uM, whereas ADP is the prime agonist for P2Y,, P2Y; and P2Y;,
with ECsy values of 50nM, 0.1uM and 10nM respectively. Both P2Y; and P2Y, are
sensitive to UTP, with ECsy values of 0.1uM and 0.3uM respectively. P2Yg is
primarily activated by UDP (ECsy of 0.2uM); P2Y 4 is activated by UDP-glucose
(ECsp of 79nM). With the exception of P2Ys and P2Y 4, all P2Y receptors may be
activated by ATP as well as by the nucleotides listed, and some receptors display
sensitivity to several other nucleoside tri- and diphosphates such as GTP, ITP and
IDP, albeit with lower affinities. Table 2.5 shows the ECs values (for adenine- and
uridine-based nucleotides) of the various homomers of the P2Y receptors and their

affinities for other naturally occurring nucleotides. It should be noted that naturally
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occurring agonists are susceptible to degradation by surface enzymes, and the
hydrolysis products may also activate receptors and interfere with potency

measurements (King and Townsend-Nicholson, 2003).

(i) G proteins and intracellular signalling cascade of P2Y receptor activation

There are at least three different G-protein groups involved in P2Y receptor
signalling, namely Gs, Gi and Ggi), which are associated classically with three
transductional pathways: (i) stimulation of adenylate cyclase (an intracellular
membrane-bound enzyme that converts ATP to 3’,5’-adenosine monophosphate
(cAMP)) by G; (ii) inhibition of adenylate cyclase by G;; and (iii) activation of
phospholipase C by Gg11. The cascade of events following activation of each G-
protein subtype is outlined below. G proteins are made up of a, B and y subunits, each
of which has several closely related isoforms. Of the a subunit, four major classes are
known to exist, each class consisting of several members, as shown in the table

below.

Classes of Ga subunits

Class Members Primary function

a, Qs, Oolf Stimulation of adenylate cyclase
0, Qi-1, 042, G4-3, Olo Q1 O4-2, Clgust, Oz Inhibition of adenylate cyclase
0 g, 011, 014, Oy, Qg Activation of phospholipase C

Table 2.2: Classes of Ga subunits (Information taken from Neer, 1995)

(i1) G;and G; proteins in modulation of adenylate cyclase activity

Activation of P2Y,, and, possibly, P2Y receptor subtypes triggers an increase in the
activity of adenylate cyclase, whereas activation of P2Y;, 13 ang 13, and possibly P2Yy,
results in the inhibition of this enzyme. The activation (or inhibition) of adenylate

cyclase is mediated via the G-protein trimer (composed of a, B and y subunits) (Fig.
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2.4A) which interacts directly with the nucleotide-bound P2Y receptor to promote the
exchange of the guanine nucleotide on the o subunit, whereby GTP is substituted for
GDP. The activated G-protein a subunit (carrying GTP) then dissociates from the By
dimer and subsequently stimulates (or inhibits) adenylate cyclase. Production of
cAMP by adenylate cyclase activates protein kinase A which subsequently
phosphorylates intracellular substrate proteins, which may act on the cell’s ion

channels, or may activate or inhibit enzymes.

(iii)  Ggu, proteins and calcium/phosphatidylinositol system

Activation of P2Y, 2 4 6 & 11 receptor subtypes activates a membrane-bound
phosphodiesterase called phospholipase C via G-protein (Gg11). Activation of
phospholipase C subsequently cleaves membrane-bound phosphatidylinositol 1,4,5-
triphosphate, releasing two fragments: inositol 1,4,5- triphosphate (IP3) and
diacylglycerol (DAG). IP3 and DAG work synergistically as second messenger
molecules. IP3 binds to receptors on the endoplasmic reticulum to induce the release
of intracellular Ca®" stores to increase cytosolic Ca’*. DAG activates a membrane-
bound protein kinase C, an enzyme that, when activated, phosphorylates intracellular
proteins. Protein kinase C requires Ca’* for maximum activity; thus the rise of

intracellular calcium (by IP3) favours this reaction (Fig. 2.4B).
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Adenylate
cyclase

Adenylate
cyclase

Fig. 2.4: (A) Modulation of adenylate Fig. 2.4: (B) Activation of

cyclase activity by G; or G; composed of phospholipase C by G-protein (Gy11)

a, B and y subunits. Activation of G- composed of a, f and y subunits.

protein involves substitution of GTP for Activation of G-protein involves

GDP. Activation of adenylate cyclase substitution of GTP for GDP. Activation
results in increased intracellular cAMP of phospholipase C results in the release

of Ca®" from endonlasmic reticnlnm

2.2.3 Pl (adenosine) receptors

To date, four adenosine receptor subtypes (A}, Aza, Azp and Aj) have been identified
and cloned. The Aj subtype is the shortest in length, consisting of 318 amino acids,
and Ajs (having 412 residues) is the longest. The potency of adenosine at these
receptors varies between different subtypes, and all members of the adenosine
receptors are either positively or negatively linked to adenylate cyclase via G proteins.
The A, receptor is coupled to the G; protein and has an ECsy value of 0.31uM for

adenosine; both the A and A,p receptors are coupled to the G protein and have ECs
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values of 0.7uM and 24uM respectively; and the Aj receptor is coupled to both/either
the G; and/or the Gy, protein and has an ECsg value of 0.29uM (King and Townsend-
Nicholson, 2003; Burnstock, 2001). In common with P2Y receptors, all adenosine
receptors have seven transmembrane-spanning regions, with an extracellular N-

terminus and intracellular C-terminus

2.3  Expression of purinoceptors in the kidney

P2 receptor expression in the kidney has been examined at the protein level by
immunological studies and at the mRNA level by the use of reverse transcriptase
polymerase chain reaction (RT-PCR). These studies have used tubular cell lines or
intact tissue tubular segments. Although mRNA studies suggest the presence of a
number of receptors, not all of them have been confirmed at the protein level. One
possible explanation for this apparent discrepancy is that receptor expression may be
very low and undetectable using conventional immunohistological studies.
Alternatively, cells expressing only the mRNA may express the receptor at the protein
level in response to certain stimuli such as cytokines or pathophysiological
conditions; the mRNA studies should therefore be viewed as an ‘indication’ for

‘potential’ expression of the receptor subtype.

2.3.1 Expression of P2X receptors in the kidney

Several P2X subtypes are known to be present along the renal tubule. Using RT-
PCR, mRNA for the P2X, receptor subtype has been found in LLC-PK1 cells (a renal
epithelial cell line originally derived from porcine kidneys and thought to be
characteristic/representative of proximal tubular cells) (Filipovic et al, 1998).
Unfortunately, its expression in native proximal tubule has not been verified by RT-
PCR or immunohistochemical techniques. RT-PCR studies performed on mouse Sl
proximal convoluted tubule cell lines and outer medullary collecting duct cells
revealed the presence of mRNA transcripts for the P2X4 receptor subtype (Takeda et
al, 1998) and transcripts of mRNA for P2Xs were identified in primary cell cultures of
the proximal tubule (Unwin et al, 2003). Expression of P2X receptor subtypes at the
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protein level along the nephron has been investigated by immunohistochemical
studies using native tissue in the rat (Wildman et al, 2006; Chapman et al, 2006;
Tumer et al, 2003). P2X, and P2X, subtypes were expressed throughout the nephron,
including the proximal convoluted tubule (but excluding the pars recta), the loop of
Henle, the distal tubule and the collecting duct; P2Xs was expressed in the pars recta
of the proximal tubule and in principal cells in the collecting duct; and P2X;, was

expressed in the apical membrane of principal cells in the collecting duct.

Outside the nephron, mRNA for P2X,, P2X;, P2X,4, P2Xs and P2X; has been
identified in cultured rat mesangial cells (Solini et al, 2005), although
immunohistochemical data confirmed protein expression of only P2X,, P2Xs and
P2X; (Turner et al, 2003). In the renal vasculature, P2X; expression was found on
most smooth muscle cells including the renal artery, arcuate and cortical radial
arteries and the afferent arteriole, but not the efferent arteriole. P2X, was also
expressed on vascular smooth muscle; in this case, however, expression was confined
to the larger intrarenal arteries and veins. A summary of P2X receptor expression in

the kidney and nephron is given in Table 2.3 and Fig. 2.5.

2.3.2 Expression of P2Y receptors in the kidney

Messenger RNA for P2Y, 2, 4 & ¢ receptor subtypes has been found in the proximal
tubule of the rat (Bailey et al, 2000; Bailey et al, 2001). Immunohistochemistry
studies have localised protein expression of P2Y, to the basolateral membrane of the
proximal convoluted tubule, whilst P2Y; was only found in the apical membrane of
the pars recta (Turner et al, 2003). However, functional studies (involving the
perfusion of P2Y, receptor-specific agonist) have suggested that P2Y, receptors are
also expressed on the apical membranes of the proximal convoluted tubule, and
western blots performed on brush-border membrane preparations of the same segment

are in agreement with this (J. Marks, unpublished observation).

RT-PCR studies also identified mRNA transcripts of P2Y 7 4 & ¢ In various segments
of the loop of Henle of the rat: P2Y,, P2Y; and P2Y, in the descending thin limb,
P2Y; and P2Y, in the thin ascending limb and P2Y in the thick ascending limb
(Unwin et al, 2003; Bailey et al, 2000; Bailey et al, 2001). Protein expression of
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P2Y,, but not P2Y,, in the thin and thick ascending limbs of Henle has been shown

through immunohistochemical studies in the same species (Turner et al, 2003).

In the distal nephron, mRNA for P2Y,, , 4 & ¢ Was identified in the outer medullary
collecting duct (Bailey et al, 2000; Bailey et al, 2001) and for P2Y; in the inner
medullary collecting duct of the rat (Kishore et al, 2000). According to
immunohistochemical data, P2Y, was expressed in the (inner medullary) collecting
duct of the same species, where it was found on the apical and basolateral membrane
of principal cells (Kishore et al, 2000). In contrast, in the immunohistochemistry
study of Turner et al (2003), P2Y expression in the collecting duct was restricted to
intercalated cells. Very recently, a further immunohistochemical study identified
P2Y, receptors in the basolateral membrane of both cell types in the inner medullary
collecting duct (Wildman et al, 2006). The same study also found evidence for P2Yj,,
6, 11 and 12 Subtypes in the apical membrane of principal cells throughout the rat

collecting duct

In the rat, mRNA for P2Y,, 7, 4 & ¢ has been found in the glomerulus (Bailey et al,
2000). However, only the expression of P2Y; g » could be confirmed through
immunohistochemical studies; these receptors were found in mesangial and podocyte

cells, respectively.

In the renal vasculature, the expression of P2Y; was confirmed immunologically in
vascular smooth muscle cells of the afferent and efferent arteriole and the large
intrarenal arteries and veins. Although functional studies using pyrimidine-based
nucleotides suggest the expression of other P2Y receptors, namely P2Y, and/or P2Y,,
their protein expression in the renal vasulature has not been confirmed. A summary
of P2Y receptor expression in the kidney and nephron is given in Table 2.4 and Fig.
2.5.
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Receptor Distribution in the normal Principal Transduction
rat kidney agonist mechanism
Vascular smooth muscle cells Intrinsic caticz)n channel:
P2X ATP (influx of C+a and Na’,
! efflux of K').
Vascular smooth muscle cells Intrinsic cati(;n channel:
P2X (larger intrarenal vessels); ATP (influx of Cia and Na“,
2 apical membrane of the efflux of K').
collecting duct
Intrinsic caticz)n channel:
P2X Not detected ATP (influx of Ca** and Na’,
3 efflux of K*).
Low-level expression in Intrinsic catign channel:
P2 mesangial cells and ATP (influx of Ca** and Na®,
X4 throughout the nephron efflux of K*).
Mesangial cells; S3 segment Intrinsic caticzm channel:
P2X of proximal tubule (apical); ATP (influx of Ca®* and Na’,
5 cortical and medullary efflux of CI and K°).
collecting duct (principal
cells)
Low-level expression Intrinsic cation channel:
P2X, throughout the nephron Does not function | (influx of Ca®* and Na’,
alone efflux of K*).
Low-level expression in some Intrinsic cati(2m channel:
P2X glomeruli ATP (influx of Ca and+Na ,
7 efflux of CI' and K*).

Table 2.3: P2X receptor subtypes/subunits, their distribution in the kidney at the

protein level, principal nucleoside di- or triphosphate agonists for their homomeric

forms and cell effector mechanisms following activation (data from Burnstock and

Knight, 2004; Turner et al, 2003; Wildman et al, 2006; Chapman et al, 2006).
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Receptor Distribution in the Principal Transduction
normal rat kidney agonist mechanism

Vascular smooth muscle cells;
P2Y, proximal convoluteq tubule; ADP > ATP G¢/Gy: PLC activation
S3 segment of proximal
tubule (apical); glomerulus
(mesangial cells); peritubular

fibroblasts
Glomerulus (podocytes); thin

P2Y, and thick ascending limbs of UTP = ATP G¢/Gy; and G;: PLC
Henle; medullary collecting activation

duct (intercalated cells), and
principal cells of the IMCD
Basolateral membrane of

P2Y, prgximal convoluted tubule; UTP > ATP G/G apd possibly G;:
apical membrane of the PLC activation
collecting duct

P2Y, Apical.membrane of the UDP >UTP Gq/.G. ,.and possibly Gq:
collecting duct >>ATP activation of PLC and

adenylate cyclase
Gq/ G“ and Gs:

P2Y,, Apical membrane of the ATP activation of PLC and

collecting duct adenylate cyclase
G;: inhibition of
P2Y,, Apical membrane of the ADP adenylate cyclase.

collecting duct

G;i: inhibition of

P2Y;; No information available ADP >ATP adenylate cyclase
Gyo: modulation of

P2Y,, No information available UDP-glucose adenylate cyclase and
PLC activity

Table 2.4: P2Y receptor subtypes, their distribution in the kidney at the protein level,
principal nucleoside di- or triphosphate agonists and cell effector mechanisms
following activation (data from Burnstock and Knight, 2004; Turner et al, 2003;
Kishore et al, 2000; J. Marks, UCL, unpublished observations; Wildman et al, 2006;
Chapman et al, 2006).
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2.3.3 Expression of adenosine receptors in the kidney

Using northern blot analysis in the rat, Yamaguchi et al (1995) identified transcripts
of A receptor mRNA in the glomeruli, medullary and cortical thick ascending limb of
Henle and medullary collecting duct; whilst weak levels were detected in the proximal

convoluted and straight tubules.

Expression of this receptor at the protein level was confirmed at most of these sites
using immunohistochemistry (in the same species) by Smith et al (2001) who
identified the A, receptor on the mesangial cells of the glomerulus, the proximal
convoluted tubule and the inner medullary collecting ducts. Outside the nephron, A,
receptors were localised to the afferent arteriole. Their expression in the thick

ascending limb was not examined in the above study.

Messenger RNA in the rat studies have suggested that renal A5 receptors are
primarily located in the glomeruli (Vitzthum et al, 2004), and A,p receptor mRNA has
been found in the cortical thick ascending limb and the distal convoluted tubule
(Vitzthum et al, 2004). At the protein level, Pawelczyk et al (2005) reported that the
expression of A, receptor was barely detectable using immunohistochemistry in the
normal rat, but that its expression in the glomerulus, distal convoluted tubules and
collecting ducts was up-regulated in the diabetic kidney. No immunohistological
findings have been reported for the A,p receptor. Finally, most studies have failed to
identify Aj; receptors in renal tubular structures. However, a functional study using an
Aj receptor-specific agonist led to the conclusion that this receptor is expressed on
glomerular mesangial cells (Zhao et al, 2002). A summary of P1 receptor expression

in the nephron is included in Fig. 2.5.
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Proximal convoluted tubule Distal tubule
(P2Y,) P2Y, P2Y, P2X, P2X;

P2X, P2X;
Cortical collecting duct

Glomerulus / P2Y, P2Y,P2Y,, P2Y,,
P2Y, P2Y, L - N P2X,P2X,P2X.P2X;
P2X, P2X. P2X, Q_ J\é
L Medullary collecting duct
P2Y,P2Y, P2Y,

Pars recta / \ P2Y,, P2Y,,

P2Y, P2X, P2X, P2X,P2X.P2X,
\\
Thin descending limb / Thick ascending limb
P2X, P2X, P2Y,
P2X,P2X,
Thin ascending limb
P2Y,
P2X, P2X,

Fig 2.5. Schematic diagram showing the expression of purinoceptors at the protein
level along the nephron. (data from Burnstock and Knight, 2004; Turner et al, 2003;
Kishore et al, 2000; J. Marks, UCL, unpublished observations; Wildman et al, 2006;
Chapman et al, 2006)

2.4  Functional role of purinoceptors in the kidney

The precise functional role of individual P2Y receptor subtypes in the kidney has
been difficult to establish for several reasons. These include (i) the lack of selective
agonists or antagonists (as shown in Table 2.5) or specific antibodies to the
extracellular domains of the receptor; (i) the co-expression of several receptor
subtypes on the same cell membrane in native tissue; and (iii) the endogenous release
of nucleotides from tissues/cells, which could activate different receptors from the one
being examined using exogenous agonist (Lazarowski, 2003). The co-expression of
various P2X receptor subtypes in native tissue poses further problems when

examining the functional role of these receptors, as functional responses may be
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attributed to either homomeric or heteromeric P2X assemblies of a particular receptor,
both forms possibly sharing the same pharmacological profiles. = Nevertheless,
functional studies have been able to distinguish broadly between P2X and P2Y
responses through the use of uridine-based nucleotides, which in low concentrations
do not activate P2X receptors. Further analysis of the receptor subtype involved has
been made through dose-response measurements using relatively selective synthetic

agonists and antagonists or by using cell lines specifically transfected with the

purinoceptor in question.

Receptor Naturally occurring agonists Synthetic Synthetic
subtype agonists antagonists
P2X; | ATP(0.1uM)>CTP 2-MeSATP > Suramin = RB-2
a,B-meATP
P2X, 2-MeSATP =
ATP (SuM) ATPyS > RB-2 > Suramin
a,p-meATP
P2X; 2-MeSATP >
ATP (1.2pM) > UTP (100sM) ATPyS > Suramin > RB-2
a,B-meATP
P2X, ATP (4pM) > CTP o,B-meATP >
2-MeSATP
P2X; ATP (0.4uM) > GTP > CTP 2-MeSATP > Suramin > RB-2
o,f-meATP
P2X, ATP (0.4uM) - -
P2X, | ATP(0.4mM)>ADP 2mM) 2-MeSATP -
P2Y, ADP (50nM) > ATP (1.8uM) 2-MeSADP MRS 2279 >
2-MeSATP Suramin
P2Y, UTP (0.1pM) = ATP (0.1 pM) > GTP ATPyS Suramin
P2Y, UTP (0.3pM) > ATP (12pM) > GTP > TP - RB-2
P2Y, UDP (0.2pM) > ATP (1pM) > UTP (7.9aM) - RB-2
> TP > ADP (454M)
P2Y,; ATP (28uM) 2-MeSATP Suramin
P2Y,; ADP (0.1uM) > ATP (0.9uM) 2-MeSATP RB-2 > Suramin
2-MeSADP
P2Y,; | ADP(0.InM)>ATP (0.3pM)> IDP 2-MeSADP -
2-MeSATP
P2Y 4 UDP-glucose (79nM) - R
A Adenosine (0.3uM) CPA > CGS -
Aaa Adenosine (0.6uM) CGS > CPA -
Asp Adenosine (25pM) CPA > CGS -
Az Adenosine (0.3uM) CPA > CGS -

Table 2.5: Naturally occurring agonists and synthetic agonists and antagonists (in
order of potency) for P2 and P1 receptors used in the studies described below. ECs
values for adenine- and uridine-based nucleotides and nucleosides are also shown (in

parentheses). (From King and Townsend-Nicholson, 2003; Filipov et al, 1999).
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Early studies assessed purinoceptor activation in the kidney by measuring changes in
intracellular Ca®* concentration. According to this criterion, practically every
segment responded to ATP. In the following, only studies where functional responses
(such as changes in solute and water transport) were observed following purinoceptor
activation will be discussed. Notably, not all functional responses are related to

changes in intracellular Ca®*concentration.

2.4.1 Proximal tubule

Stimulation of apical P2 receptors in vivo (using 2meSADP, a P2Y, agonist) in the
proximal convoluted tubule caused inhibition of bicarbonate reabsorption in the rat by
inhibiting the apical Na'/H" exchanger (in this case NHE3) activity (Bailey, 2004).
This effect was blocked by MRS2279, a highly selective P2Y antagonist. Indeed the
antagonist alone (i.e., in the absence of exogenous nucleotide), stimulated bicarbonate
reabsorption, suggesting an inhibitory effect of endogenous nucleotide. Conversely,
basolateral stimulation by perfusion of peritubular capillaries with ATP (10pM)
increased transepithelial bicarbonate reabsorption in the rat in vivo. Increased
bicarbonate reabsorption was also observed when basolateral fluid viscosity was
increased by 30%; an effect abolished by the introduction of P2 antagonists (suramin

and reactive blue 2 [RB-2]) into the peritubular perfusate (Diaz-Sylvester et al, 2001).

In a study performed on a rat proximal tubule cell line, inhibition of basolateral
Na'/K*-ATPase (the prime driving force for the movement of ions and other solutes
across the tubular epithelium) was observed following the introduction of
extracellular ATP applied to the apical membrane. The effect of ATP was dose
dependent; the ECso was ~0.32mM. Pharmacological classification (through the use
of relatively selective antagonists) of purinoceptors suggested that this response was
mediated through the stimulation of P2Y, receptors on the apical membrane of the

proximal tubule (Jin and Hopfer, 1997).

Recently, Lee et al (2005) reported that ATP inhibited phosphate uptake in a dose-

dependent (>1uM) manner in primary cultures of rabbit proximal tubular cells; a
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mechanism that was inhibited by the P2 antagonists suramin and RB-2. The inhibition
of phosphate uptake by ATP was correlated with reduced levels of mRNA for type II
Na'/P; cotransporter (although the particular subtype was not mentioned in the study).

With respect to adenosine receptors, inactivation of A; receptors in vivo, using a
relatively selective antagonist, was reported to have a natriuretic and diuretic effect in
the rat (Wilcox et al, 1999). In vitro studies have demonstrated direct stimulation of
the basolateral Na"HCOs™ cotransporter in microperfused rabbit proximal tubule

following basolateral stimulation of A, receptors (Takeda et al, 1993).

In addition to effects on tubular transport, nucleotides have also been shown to affect
gluconeogenesis activity in the proximal tubule. In vitro studies in rat proximal
tubule suspensions showed increased gluconeogenesis following exposure to solutions
of adenine-based nucleotides such as ATP and ADP, and of adenosine. In particular,
exogenous adenosine was more potent in stimulating gluconeogenesis than either
ATP or ADP (the latter being equipotent) (Edgecombe et al, 1997). In a further study
by the same group, UTP also stimulated gluconeogenesis and was more potent than
ATP, suggesting that the response is mediated via P2Y, or P2Y,4 receptors. No
significant change in gluconeogenesis activity was observed with UDP, suggesting
that P2Y is not involved in this response (Mo and Fisher, 2002).

2.4.2 Loopof Henle

To date, functional activation of P2 receptors and the possible effect on electrolyte
transport in the loop of Henle has not been reported. However, in vitro studies have
demonstrated that stimulation of A; receptors (using 10nM adenosine) in the TAL
inhibits NaCl reabsorption (Beach and Good, 1992).

2.4.3 Distal tubule

As with the loop of Henle, no irn vivo studies have been performed to assess the role of
purinoceptors in the distal tubule. However, in vitro studies have been performed
using immortalized distal-like cell lines. Activation of basolateral P2Y, receptors on

A6 cells (immortalized Xenopus distal-like cell lines) was shown to increase

55



intracellular calcium followed by a rise in chloride efflux (Guerra et al, 2004). An
increase in chloride efflux following P2 receptor activation has also been
demonstrated consistently in other distal tubule-like cell lines including Madin-Darby
canine kidney (MDCK) cells (Simmons, 1981) and rabbit immortalised distal
convoluted tubule cells (Rubera et al, 2000); in the latter study the increase in chloride
secretion was pharmacologically attributed to stimulation of apical P2Y, receptors.
This variation in response may be the result of using cell lines (which share, but also

lose, many characteristics of native tissue).

Using a mouse distal convoluted tubule (DCT) cell line, Dai et al (2001) have shown
transient increases in intracellular calcium levels coupled with decreased vasopressin-
and parathyroid hormone (PTH)-stimulated Mg”** uptake following exposure to
100uM ATP. Furthermore, because both UTP and ADP were without effect in
inhibiting hormone-stimulated Mg?* uptake, it was suggested that this response was

most likely to be mediated via P2X receptors.

The same group also examined the effects of adenosine on Mg?* transport in the same
cell line and concluded that application of adenosine increased intracellular Ca®* and
PTH-mediated Mg?* uptake. Furthermore, using the relatively selective A; receptor
agonist N6-cyclopentyladenosine (CPA), the same study also reported how activation
of this receptor inhibited PTH-mediated Mg®* uptake. In contrast, activation of A,
receptors in the same cells, using the relatively selective A; agonist 2-[p-(2-carbonyl-
ethyl)-phenylethylamino]-5’-N-ethylcarboxamidoadenosine ~ (CGS),  stimulated
hormone-mediated Mg2+ uptake (Kang et al, 2001). Neither the A; receptor subtype
nor the polarity of the purinoceptors in these DCT cells (apical vs. basolateral) was
determined. Nevertheless, the fact that the distal convoluted tubule is involved in the
reabsorption of approximately 15% of filtered Mg*" highlights the potential influence

of nucleotides and the nucleoside on the excretion of this cation.

With respect to adenosine, Lang et al, 1985 reported that this nucleoside stimulated
sodium reabsorption in an A6 cell line. Similar observations were made by Ma and
Ling (1996), using the same cell line; the effect was attributed to the activation of A
receptors on the apical membrane. Whilst activation of A; receptors stimulated

sodium reabsorption, activation of A; receptors on the same membrane were found to
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inhibit sodium uptake; an effect observed when higher adenosine concentrations (1-10
uM) were used. Conversely, Casavola et al (1996) reported an increase in sodium
transport following the interaction of an adenosine analogue with basolateral A,

receptors on the same cell line.

244 Collecting duct

Using patch-clamp techniques on split open murine CCD, Giebisch’s group reported
that the application of nucleotides such as ATP and UTP inhibited the activity of
small-conductance potassium channels on the apical membrane of principal cells
(involved in K* secretion). Because UTP and ATP-y-S induced the same inhibitory
responses, while a, B-MeATP and 2-MeSATP were without effect, the response was
believed to be mediated via P2Y, receptors expressed on the apical membrane (Lu et
al, 2000).

In vitro studies in which nucleotides such as ATP, ADP and UTP have been applied
to the basolateral membrane of rabbit CCD, at concentrations of 100nM, have
demonstrated decreased vasopressin-sensitive water permeability (Rouse et al, 1994).
Similar studies performed on the inner medullary collecting ducts of the rat, but using
ATP at concentrations of 10uM, showed the same effect. However, no effect was
observed with ADP, suggesting either a species difference in receptor expression or
that different P2 receptors may be involved in the cortical and medullary regions of
the collecting duct (Kishore et al, 1995). The lack of sensitivity to ADP makes it
possible that the effect is mediated via P2Y; receptors, and this is further supported by
a recent study that showed increased levels of P2Y, mRNA in inner medullary
collecting duct tissue derived from hydrated rats (Kishore et al, 2005). An even more
recent study has shown that activation of the P2X; receptor subtype as well as P2Y,
and P2Y,, when co-expressed with AQP-2 in Xenopus oocytes, inhibits AQP-2-
mediated osmotic water effluxes (Wildman et al, 2006); and the former two subtypes
are colocalised to the apical membrane of the rat collecting duct (Wildman et al,
2006).  Finally, adenosine and its analogues in submicromolar concentrations
inhibited water reabsorption in this region of the nephron, an effect mediated via A,

receptors (Edwards and Spielman, 1994). Overall, these studies strongly suggest that
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nucleotides and adenosine play important roles in modulating water reabsorption in

the collecting duct.

In vitro studies showed that apical or basolateral administration of 100uM ATP or
UTP inhibited short circuit current, taken to be an index of sodium transport, in mouse
CCD, an effect believed to be mediated via P2Y, receptors present in the apical
membrane (Lehrmann et al, 2002). Recently, the effect of nucleotides on collecting
duct sodium reabsorption in vivo has been investigated in our laboratory, using
microperfusion of late distal tubules in rats (Shirley et al, 2005). Addition of ATPyS
to the luminal perfusate was found to inhibit *Na reabsorption (i.e., urinary *’Na
recovery was increased), but only when baseline ENaC activity was upregulated by
feeding the animals a low sodium diet. Intriguingly, despite firm evidence from in
vitro studies for P2Y, mediation, ‘selective’ P2Y,/P2Y, and P2Y, agonists were
ineffective in vivo, and a P2X heteromer-mediated effect was suggested (Shirley et al,
2005). In this connection, another recent study, using the Xenopus oocyte expression
system, has shown that expression and subsequent activation of a number of P2X
receptors (P2X,, P2Xy6, P2X4 or P2Xys) leads to downregulation of co-expressed
ENaC (Wildman et al, 2005).

Stimulation of basolateral A, receptors in primary cultures of the IMCD was found to
reduce apical reabsorption of sodium (Yagil et al, 1994). Overall, renal A; receptor
inhibition is natriuretic and diuretic, as the effect on proximal tubular reabsorption

predominates (Wilcox et al, 1999).

2.4  Pathophysiological role in the kidney
In addition to the effects observed on water and electrolyte transport, purinoceptor

activation has been implicated in a number of renal pathophysiological conditions,

notably polycystic kidney disease and glomerular inflammation.
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2.5.1 Polycystic kidney disease

Polycystic kidney disease (PKD) is a genetic disorder in which the tubules become
dilated (due to uncontrolled cell proliferation), ultimately leading to the characteristic
formation of fluid-filled cysts contained by a monolayer of renal epithelium. It has
been shown that fluid derived from the cysts contains ATP in high nanomolar to
micromolar concentrations (Wilson et al, 1999). As indicated earlier, in many
epithelia and cell lines, in vitro studies have frequently shown that nucleotides such as
ATP inhibit Na* absorption and stimulate Cl" secretion (Leipziger, 2003). The high
concentration of ATP in cyst fluid is believed to augment cyst development by
stimulating CI” and (consequently) water secretion into the lumen of the cyst, thereby
promoting cyst expansion (Wilson et al, 1999). Furthermore, transcripts of mRNA
for multiple P2X receptor subtypes have been identified in PKD models, and P2Y
receptor-mediated Cl” secretion has been reported in the same models (Schwiebert et
al, 2002). Alternatively or additionally, ‘trapped’ nucleotides in PKD cysts may
augment cell proliferation required for cyst development; in vitro studies have
demonstrated increased cell proliferation following activation of P2Y,, P2Y, and/or
P2X receptors in various renal (and non-renal) cell lines (Harada et al, 2000; Paller et

al, 1998; Weisman et al, 2005).

Further studies have shown increased P2X receptor expression at the protein level in
polycystic kidney epithelia derived from the mouse collecting duct, compared with
normal mouse collecting ducts. Activation of P2X; receptors using BzATP, a
relatively selective agonist, was found to reduce cyst number in a dose-dependent
manner (Hillman et al, 2004). Activation of P2X5 receptors can lead to the formation
of non-selective pores which allow leakage of solutes up to 900 Da, inducing a
necrotic effect on the cell (Auger et al, 2005). Indeed, several studies have reported
apoptotic effects following P2X; receptor activation in a number of cell types
including renal cells (Schulze-Lohoff et al, 1998; Harada et al, 2000; Wang et al,
2004; Bulanova et al, 2005). Thus, P2X; receptor-dependent activation of
apoptosis/necrosis in PKD may have a protective effect in reducing cyst development.
In addition to cell death, P2X; receptor activation has been implicated in other
responses in various cell lines, including cytokine (IL-1B) release from activated

macrophages and microglial cells (Verhoef et al, 2003; Ferrari et al, 1997), cell
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proliferation in human leucocytes (Baricordi et al, 1999) and membrane blebbing in
renal cells (Verhoef et al, 2003). These alternative effects may contribute to the
advancement/augmentation of the disease. = However, overall, the functional
significance of P2X; receptors to the pathophysiology of PKD is undefined and

remains speculative.

Recent studies, performed on a rat model (Han-SPRD) of autosomal dominant PKD,
provided evidence for increased renal mRNA levels for the P2X; receptor and P2Y,
and P2Y receptor subtypes. The increase in mRNA levels for P2Y;, may explain the
overriding proliferating effects in cyst development over the cyst-reducing apoptotic
effects of P2X; (Turner et al, 2004).

2.5.2 Glomerulonephritis

Glomerulonephritis is a disorder caused by inflammation of the glomeruli,
subsequently resulting in impaired filtration and proteinuria. An in vivo perfusion
study demonstrated increased platelet aggregation in the glomeruli of nephritic rats
treated with the poorly-hydrolysable adenine derivative, ADP-B-S (Poelstra et al,
1992). The same study also showed increased superoxide (O;) production in vitro
following application of ATP-y-S to granulocytes of nephritic glomeruli, highlighting
the significance of nucleotides in the advancement of the disease. In contrast to the
above findings, the application of 2chloro-adenosine in the early phase of the same
nephritic kidneys inhibited intraglomerular superoxide production, which was coupled

with reduced proteinuria (Poelstra et al, 1992).

Tumour necrosis factor (TNF) has been shown to be essential for the development of
glomerulonephritis, and this cytokine has been reported to stimulate a rise in the
levels of mRNA for the P2Xj5 receptor in mesangial cells; this potentially may lead to
increased P2X5 receptor expression, the activation of which has been shown to induce

apoptosis/necrosis as indicated above (Harada et al, 2000; Vielhauer et al, 2005).
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2.6  Physiological concentrations of nucleotides in the kidney

As indicated in earlier sections, several studies have demonstrated physiological
effects of nucleotides and nucleosides on renal tissues; and further studies have
revealed that the response is in some cases reversed when higher concentrations of the
same nucleotide/nucleoside or analogue are used. In the kidney, this may sometimes
occur to counteract and reduce the severity of an induced effect. An example of this
is given by adenosine, where the activation of A; receptors by nanomolar
concentrations of the nucleoside promoted vasoconstriction in the afferent arteriole,
whereas micromolar concentrations of adenosine activated A; (Aja or Azg) receptors
and induced vasorelaxation in the same tissue (Maddox and Brenner, 2000). As
described in Section 2.4.3, electrolyte transport may also be stimulated or inhibited,
depending on the extracellular adenosine concentration. The same may also be true
with nucleotides, where an array of purinoceptor subtypes with differing ECs values

may co-exist on the same membrane of native tissues.

Moreover, although ATP is a suitable agonist for both major families of P2 receptors,
the effects elicted by activation of the different receptor subtypes may vary. For
instance, stimulation of P2X receptors on the afferent arteriole induces
vasoconstriction whereas stimulation of P2Y receptors induces vasodilatation. In this
case the variation in response is largely attributed to the specific distribution of the P2
receptors on the afferent arteriole. P2Y receptors (inducing vasodilatory responses)
are primarily activated by intrarenal infusion of ATP, suggestive of apical expression
of these receptors, whereas the P2X receptors (inducing vasoconstrictive responses)
are stimulated when ATP is introduced interstitially, suggesting that their expression
is largely confined to the exterior of the same tissue. Thus, the response that the
nucleotide or nucleoside elicits is not only dependent on the extracellular

concentrations of the agonist but also on the site of its release (Chan et al, 1998).

2.6.1 Release of ATP

Several studies have reported basal release of ATP in vitro both in primary cultures of

renal epithelial cells such as human proximal convoluted tubule and cortical epithelial
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cells (Wilson et al, 1999) and in renal epithelial cell lines including MDCK-D; and
HEK-293 cells (Ostrom et al, 2000).

In vitro quantification of ATP in bulk solutions from various tissues varies
significantly from picomolar to low micromolar concentrations (Lazarowski et al,
2003a). In vitro studies using cell cultures are limited/complicated by techniques that
may mechanically perturb cells during tissue isolation, cell centrifugation and other
routine cell culture procedures, all of which may induce the release of ATP either by
mechanical stimulation or through cell lysis/damage. The fact that the intracellular
concentration of ATP in most tissues is ~SmM (Gordon, 1986) favours the movement

of ATP out of the cell down a chemical gradient.

2.6.2 Measurement of nucleotide release

Several methods for the quantification of nucleotides in biological fluids have been
adopted in past studies. The most favoured is the firefly luciferin:luciferase assay for
quantification of ATP. In this reaction, ATP molecules that are present in
biological/cell media fluid samples react with the substrate luciferin and the enzyme
luciferase to ultimately produce oxyluciferin and photons of light (as given in the
equation below).

luciferase

ATP + D-luciferin + O, » AMP + inorganic pyrophosphate +

oxyluciferin + light

The intensity of light yielded is measured using a luminometer (represented in
arbitrary units) and is proportional to the amount of ATP present in the fluid. This

assay is applied widely and is highly sensitive for quantification of ATP.

Other methods of nucleotide detection include high performance liquid
chromatography (HPLC), which allows the detection of a variety of nucleotides and
their respective products of hydrolysis, such as di- and mononucleotide as well
nucleoside formations. However, this assay is often limited to measurement of

nucleotides in bulk solutions and in many cases detection/quantification is
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misrepresented by other purine- or pyrimidine-based tri- or dinucleotides migrating

and being detected at the same time as the nucleotide of interest.

2.6.3 Quantification of ATP release at the cell surface

Measurement of nucleotides in bulk solutions surrounding cells is unlikely to
represent physiological levels present near the cell surface, i.e., in the vicinity of P2
receptors. This is predominantly attributable to local hydrolysis by membrane-bound
or soluble nucleotidases located on or released by the same or adjacent cell.
Therefore, in recent years, novel methods have been developed to determine ATP
concentrations near the cell surface. One method involves anchoring the luciferase
molecule indirectly to the plasma membrane of the cell via a protein, IgG, and a
plasma membrane complex (as shown in Fig. 2.6). The advantage of this is that the
conjugated luciferase molecule will favourably compete against cell-surface
ectonucleotidases for an ATP molecule released from the same or neighbouring cell,
thereby indicating the concentration of ATP release in ‘real time’ at the cell surface
(Schwiebert, 2001).

This method, as well as other methods incorporating the concept of membrane-bound
luciferase, has so far been limited to in vitro studies using cells or cell lines grown in
culture, including human embryonic kidney (HEK-293) cells (Pellegatti et al, 2005)
and platelets (Beigi et al, 1999), where basal/quiescent ATP concentration at the cell
surface was reported to be widely different in the two tissues: 80 + 20 nM and 15-20
uM, respectively. Notably, in a recent study comparing ATP concentrations at the
cell surface and in the bulk medium of a single cell type, cell-surface ATP
concentration in airway epithelial Calu-3 cells under basal conditions was reported as
7.3 + 0.6 nM, similar to that measured in the bulk medium 2.6 mm from the cell
surface in media (7.6 + 0.7 nM) taken from the same cell line (Okada et al, 2005).
However, when ATP secretion was stimulated, there was a major difference between
the measurements made at the two sites (645 + 63.5nM and 34.1 + 5.6nM,

respectively).
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Fig. 2.6: Schematic diagram showing the conjugation of luciferase enzyme to the

plasma membrane.

2.7 Mechanism of ATP release

Until recently, it was generally assumed that the only source of extracellular ATP was
from cells that were either damaged or undergoing apoptosis. However, the
physiological release of ATP from healthy and intact cells is now increasingly being

recognised.

Using transfected and non-transfected cell lines or selective inhibitors, various
transporters and channels have been proposed to be involved in ATP transport across
the cell membrane. These include transporters of the ATP binding cassette (ABC)
proteins, such as cystic fibrosis transmembrane regulator (CFTR) and multi-drug
resistant (MDR-1) gene product, P-glycoprotein, and channels, such as large anion
channels and connexin hemichannels (Reisin et al, 1994; Cantiello, 2001; Roman et
al, 2001; Sabirov et al, 2001; Cotrina et al, 1998; Bahima et al, 2005). However,
other studies using similar experimental procedures believe that these transporters or
channels either do not directly mediate, or, in some cases, do not have any role in the
release of ATP from cells (Reddy et al, 1996, Sabirov et al, 2001; Dutta et al, 2004,
Roman et al, 2001; Hazama et al 1999; Hazama et al 2000). In addition to release via
transporters or channels, various other workers have shown ATP release to occur via
exocytosis in many cells (including non-neuronal cells) (Bodin and Burnstock, 2001;
Suzuki et al, 1997; Mitchell et al, 1998; Sorensen and Novak, 2001). A full account

of all these release mechanisms will be dealt with in Chapter 4.
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With respect to the renal tubular epithelium, despite the in vitro observations made by
Schwiebert and colleagues (Wilson et al, 1999) demonstrating the release of ATP in
cultured renal epithelial cells, there has been little or no attempt to explore the

mechanism by which ATP is released.

2.8  UTP as a signalling molecule

From Table 2.4, it can be seen that, in addition to adenine nucleotides, uridine tri- and
dinucleotides are suitable agonists for several P2Y receptors including P2Y,, P2Y,
and P2Y,. The concentration of extracellular UTP released under basal conditions
from a variety of cell types, including platelets, leucocytes, astrocytes and primary
cultures of airway epithelial cells, has been reported to range between 1 and 10nM
(Lazarowski and Harden, 1999). Although these concentrations are insufficient to
activate P2 receptors, it should be noted that these measurements were taken from the
bulk media of cell cultures and therefore may not represent the concentration of UTP
at the cell surface, in the vicinity of the P2 receptors. In a further study by the same
group, stimulation of platelets with thrombin was reported to increase the extracellular
UTP concentration 10-fold, to concentrations that are capable of stimulating P2Y, or
P2Y, receptors (Lazarowski and Boucher, 2001; Lazarowski and Harden, 1999). The
intracellular concentration of UTP is considerably lower than that of ATP, but greater
than or equal to the levels of other nucleotides (Anderson and Parkinson, 1997). The
mechanism by which uracil-based nucleotides are released is unknown, but it has
been reported that both UTP and UDP, together with ATP, are stored in granules in
chromaffin cells and platelets. Whether the same is true for synaptic vesicles is not

known (Anderson and Parkinson, 1997).

2.8.1 UDP-glucose

The release of UDP-glucose has been demonstrated in vitro in response to mechanical

stimulation in a variety of cell lines, including human bronchial primary epithelial
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cells, human astrocytoma; Calu-3 (airway epithelial cells), CHO-K1 cells and COS-7
cells (Lazarowski et al, 2003b). Although the release UDP-glucose into the
extracellular milieu was found to be 2-3 fold less than that of ATP, UDP-glucose had
a longer half life. Thus, the mean UDP-glucose levels in the extracellular fluid over a
2 hour period were as high, or significantly higher, than ATP levels. In addition, the
released UDP-glucose was sufficient to activate transfected P2Y,4 receptors
(indicated by G protein-dependent inositol phosphate accumulation), which was
reversed following the removal of UDP-glucose from the media by enzymatic
degradation (Lazarowski et al, 2003b). Using fluorescent granular/vesicle probes
(acridine orange and FM 1-43) that label granular compartments and sub-apical
vesicles, and ionomycin to induce nucleotide release, the same group has recently
suggested that UDP-glucose, in addition to other nucleotides such as ATP, UTP and
UDP, is released via exocytosis from various epithelial cells such as Calu-3, A459,
SPOC1 (airway epithelial cells) and HT-29 (human colonic carcinoma cells)
(Lazarowski et al, 2005).

However, despite the above findings, to date, neither the release of UDP-glucose nor
the expression of P2Y 4 receptors (receptive to UDP-glucose) has been reported in the

kidney.

2.9  Degradation of ATP

As described above, the expression of many P2 receptor subtypes along the nephron
has been established by immunohistochemical, functional and mRNA studies. If ATP
is released into the tubular lumen, the nucleotide would be expected to act on P2
receptors on adjacent or neighbouring cells to elicit various responses. Alternatively,
nucleotides that are released at one nephron site may potentially travel downstream to
activate purinoceptors and induce responses (that may not necessarily be desired) in
more distal segments of the same nephron. In this context, the expression of a group
of enzymes, collectively known as ectonucleotidases, that specialise in the hydrolysis
of nucleotides and are located on the surface membranes of epithelial and endothelial
cells, influences the activation of purinoceptors. Through their hydrolytic activity,

these enzymes provide a mechanism whereby the physiological effects of
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extracellular nucleotides may be terminated. At the same time, degradation of ATP
and ADP also serves as a source of adenosine, which might then activate adenosine

receptors.

To date, four families of these ectonucleotidases are known to exist: ectonucleotide
pyrophosphatase phosphodiesterases 1-3 (NPP 1-3), ectonucleoside triphosphate
diphosphohydrolases 1-8 (NTPDasesl1-8), ecto-5’-nucleotidase and alkaline
phosphatase. These families of enzymes differ in their hydrolysis pathways and/or in
their affinities for nucleotides, and their specific expression along various segments of
the nephron may serve to either terminate or augment purinoceptor-mediated
responses. As will be discussed in detail in Chapter S5, information on
ectonucleotidase distribution along the nephron is limited. Whilst the expression of
ecto-5’-nucleotidase and alkaline phosphatase are reasonably well documented,

relatively little is known about the NPP and NTPDase families.

2.10 Ectokinases

Ectokinases are enzymes that catalyze the transphosphorylation of nucleoside
diphosphates to nucleoside triphosphates and include membrane-bound or secreted
enzymes such as adenylate kinase or nucleoside monophospho- and diphosphokinases
(Schwiebert, 2003). Transphosphorylation of nucleoside diphosphates occurs using
other nucleoside-based triphosphates as the y-phosphate donor. For example, UDP
may be converted to UTP in the presence of ATP (which, being the phosphate donor,
would then be converted into its diphosphate form, ADP). The activity and influence
of these ectokinases on purinoceptor signalling has been partially examined in vitro,
using astrocytoma cells stably expressing the P2Y, (sensitive to UTP) receptor. The
report concluded that co-addition of UDP and ATP resulted in a marked increase in
intracellular Ca®* concentration, suggesting P2Y, activation following interconversion
of UDP to UTP. Generation of other nucleoside triphosphates such as ATP, GTP and
CTP was also observed from the corresponding radiolabelled diphosphate nucleotides,
with nucleoside diphosphokinase (NDPK) showing substrate preference for ADP or
GDP over UDP. Similarly, ATP and GTP were favoured as y-phosphate donors over
UTP and CTP, with CTP being the least favoured substrate for this enzyme.
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Moreover, activity of NDPK was reported to be approximately 20-fold higher than
that of an ectonucleotidase (Lazarowski et al, 1997). (Unfortunately, the study did not

specify the particular ectonucleotidase tested.)

Northern blot analysis has identified the mRNA of NDPK in the rat kidney (Kimura et
al, 1990), and the activity of this enzyme was found to be high in the proximal
convoluted tubule, thick ascending limb and distal convoluted tubule of the rat (Cole
et al, 1982). The latter study also reported the activity of other relevant enzymes: (i)
adenylate kinase, involved in the conversion of AMP to ADP, was found to have
highest activity in glomeruli, proximal segments, thick ascending limb of Henle and
distal convoluted tubule; (ii) phosphodiesterases, which convert cAMP and cGMP
into 5’-AMP and 5’-GMP respectively, had high activity in the glomeruli and distal
tubular segments and low activity in the proximal segments; and (iii) guanylate
kinase, which is involved in the conversion of GMP to GDP, had consistent activity

throughout all segments of the nephron.

Overall, the presence of extracellular nucleoside diphosphates may provide suitable
substrates for ectokinases in the presence of secreted nucleoside triphosphates to

influence and, more importantly, complicate our ability to understand purinoceptor

activation.
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2.11 The present investigation

In order to answer a number of the questions raised concerning the purinoceptor
system and renal function, three approaches were adopted in the present investigation.
Firstly, because the intraluminal concentrations of ATP within the nephron are
unknown in vivo, it is not clear whether apical P2 receptors (known to be present
along the nephron) are activated during normal physiological conditions. Therefore,
using micropuncture in anaesthetised rats, I attempted to detect and quantify the levels
of ATP present in tubular fluid from superficial nephrons in vivo, both under control
conditions and during pathophysiological manoeuvres. Furthermore, by directly
comparing ATP levels in fluid collected from the Bowman’s capsule and from
proximal tubular fluid, I also assessed whether the ATP that was found in tubular
fluid is filtered from the blood at the glomerulus or released from proximal tubular

cells.

Secondly, since ATP was found to be released/secreted by proximal tubular cells, I
investigated the mechanism of its release, using a proximal tubular epithelial cell line.
Intracellular stores of ATP were visualised using an intracellular ATP marker, and the

fate of these stores was monitored following stimulation of ATP release.

Finally, because current knowledge of the distribution of ectonucleotidases along the
nephron is fragmentary and incomplete, I used immunohistochemistry to examine the
expression of five major ectonucleotidases along the nephron. The enzymes studied
were NTPDasel, NTPDase2, NTPDase3, NPP3 and ecto-5’-nucleotidase. Using
antibodies specific to well-defined segments of the nephron, the distribution of these
enzymes was examined in the proximal tubule, the TAL, the distal tubule and the

collecting duct.
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CHAPTER 3

MICROPUNCTURE ASSESSMENT OF TUBULAR
FLUID ATP CONCENTRATIONS
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3.0 INTRODUCTION

As described in the preceding chapter (see Section 2.3), an array of P2 receptors is
expressed along the renal epithelium; and activation of intraluminal purinoceptors
either in vivo or in vitro using stable nucleotide-based analogues has been shown to
have modulatory effects on solute and water transport across various segments of the
nephron. These findings clearly support the proposal that intraluminal nucleotides,
acting on apical P2 receptors, can function as autocrine/paracrine regulators of tubular

transport.

Before making such inferences concerning a functional role of intraluminal
nucleotides, however, it is necessary to ascertain whether their normal endogenous
concentrations are sufficient to activate P2 receptors, and whether they can be
influenced by physiological/pathophysiological manoeuvres known to affect tubular

transport.

ATP secretion by renal epithelial cultures and by cell lines derived from specific
nephron segments has previously been reported by Schwiebert’s group (Schwiebert et
al, 2003; Wilson et al, 1999). It was shown that cultured cells released measurable
amounts of ATP into both apical and basolateral media, with apical release
predominating. However, although in vitro studies are useful pointers, determinations
of ATP concentrations in cell culture media clearly cannot provide information on
ATP concentrations in the tubular lumen in vivo. To date, no such measurements in
native, intact tubules have been reported. The purpose of the present study, therefore,
was to assess endogenous ATP concentrations within the lumen of proximal and distal
tubules of the rat nephron, and to determine whether the ATP was filtered or secreted.
Tubular fluid samples were obtained using in vivo micropuncture techniques, and the

samples were assayed for ATP using the luciferin/luciferase reaction.

71



3.1 SECTION 1: The effects of anaesthesia and micropuncture

surgery on renal function

3.1.1 Introduction

First developed in 1924 by J.T. Wearn and A.N. Richards, micropuncture was one of
the greatest advances in renal physiology during the 20™ century. The technical skills
required to puncture a glomerular capsule or tubule with a micropipette and measure
the composition of its fluid are challenging; but the novel scientific findings that have
resulted from using this technique are of fundamental importance in helping us to
understand renal function (Sands, 2004).  Although a large number of studies have
employed micropuncture techniques in order to determine directly the changes that
occur in specific sites of the nephron, relatively little research has been made into the
influence of anaesthesia and surgical preparation for micropuncture on overall renal
function. Nevertheless, because of its importance, this section will briefly focus on

the possible effects of anaesthesia and surgery on GFR and tubular function.
3.1.2 GFR

In the rat, a reduction in GFR was reported following anaesthesia with
thiobutabarbitone (Atherton et al, 1983; Walker et al, 1983; Atherton and Jammaz,
1986) or pentobarbitone (Walker et al, 1983; Mercer and Kline, 1984). Thomsen and
Olesen (1981) found that amylobarbital anaesthesia plus surgery reduced GFR in
Wistar rats but not in Sprague-Dawley rats. In agreement with the latter observation,
Shirley et al (1990) found that GFRs in Long-Evans rats anaesthetised with
thiobutabarbitone and surgically prepared for micropuncture were comparable to
those in the same rats when conscious; and Chamberlain (1996) reported similar
findings following anaesthesia with thiopentabarbitone and surgery in the Sprague-
Dawley rat. In contrast, a study by Holstein-Rathlou et al (1982) reported that GFR
was reduced in Wistar or Sprague-Dawley rats following halothane-nitrous oxide or
thiobutabarbitone anaesthesia and micropuncture surgery, when compared with that in

separate groups of acutely catheterised conscious animals. One possible explanation
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for this discrepancy is that in the studies by Shirley et al (1990) and Chamberlain

(1996) a flank incision was used to expose the left kidney, whereas Holstein-Rathlou

et al (1982) employed a mid-line approach, which, being more invasive, has been

shown to result in a greater depression of renal haemodynamics (McVicar, 1988).

Table 3.1.1 shows a summary of the findings.

Anaesthetic Strain Surgery Effect on Reference
GFR
Thiobutabarbitone Sprague-Dawley - Atherton & Jammaz (1986)
Pentobarbitone/Thiobutabarbitone | Long-Evans Walker et al (1983)
- Decreased
Athert t al (1983
Thiobutabarbitone Wistar orton et ai ( )
- Mercer & Kline (1984)
Pentobarbitone Wistar
Amylobarbital Wistar +
Decreased Thomsen & Olesen (1981)
Thiobutabarbitone Sprague-Dawley +
Thiobutabarbitone Sprague-Dawley + No change Knight et al (1978)
Amylobarbital Sprague-Dawley * No change Thomsen & Olesen (1981)
Thiobutabarbitone Long-Evans ++ Shirley et ai (1990)
No change .
Thiopentabarbitone Sprague-Dawley ++ Chamberiain (1996)
Halothane-nitrous oxide Wistar and ++ Decreased Holstein-Rathlou et al

Thiobutabarbitone

Sprague-Dawley

(1982)

Table 3.1.1: The effect of anaesthesia with or without (+/-) surgery on GFR in the rat

( - anaesthesia alone; + clearance surgery; ++ micropuncture surgery).

3.1.3 Excretion rates of sodium and water

It is generally accepted that anaesthesia and surgery can reduce excretion rates of

sodium and water. In the rat, reductions in the urinary excretion of sodium and water

have been reported following thiobutabarbitone (Atherton et al, 1983; Atherton and

Jammaz, 1986) or pentobarbitone (Walker et al, 1983) anaesthesia alone, and after
thiobutabarbitone (Maddox et al, 1977; Knight et al, 1978; Shirley et al, 1990),
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amylobarbitol (Thomsen and Olesen, 1981) or thiopentabarbitone (Chamberlain,

1996) anaesthesia plus surgery. However, in the study by Walker et al (1983), the

reductions in sodium and water excretion during pentobarbitone anaesthesia, after

surgery, in the Long-Evans rat were variable and only transient.

Furthermore,

Thomsen and Olesen (1981) reported that sodium clearance in Sprague-Dawley rats

during amylobarbital anaesthesia (without surgery) was no different from that in

conscious unoperated animals. Similarly, Walter et al (1989) reported that sodium

and water excretion rates in rats after thiobutabarbitone anaesthesia and preparation

for clearance surgery were no different from those found in the same rats during their

inactive period (i.e., during daylight hours). Table 3.1.2 shows a summary of the

findings.
Anaesthetic Strain Surgery | Effect on urinary | Reference
excretion of
sodium & water
Pentobarbitone Wistar Atherton et al (1983)
Thiobutabarbitone Sprague-Dawley Atherton & Jammaz (1986)
Decreased
Pentobarbitone Long-Evans Walker et al (1983)
Pentobarbitone Wistar Mercer and Kline (1984)
Amylobarbital Sprague-Dawley - No change Thomsen & Olesen (1981)
Thiobutabarbitone Sprague-Dawley + Decreased Knight et al (1978)
Pentobarbitone Long-Evans + Variable Walker et al (1983)
Thiobutabarbitone Long-Evans + No change Waiter et al (1989)
Thiobutabarbitone Wistar Maddox et al (1977)
Amylobarbital Wistar Thomsen & Olesen (1981)
++ Decreased
Pentobarbitone Wistar/ Sprague- Thomsen & Olesen (1981)
Dawley
Thiobutabarbitone Long-Evans Shirley et al (1990)
Thiopentabarbitone Sprague-Dawley Chamberlain (1996)
Table 3.1.2: The effect of anaesthesia with or without (+/-) surgery on urinary

excretion rates of sodium and water in the rat ( - anaesthesia alone; + clearance

surgery; ++ micropuncture surgery).
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3.1.4 Potassium excretion

Information concerning changes in the urinary excretion of potassium after
anaesthesia and surgery is even more variable. A reduction in potassium excretion
was found in rats anaesthetised with thiobutabarbitone or pentobarbitone alone
(Walker et al, 1983), and after thiobutabarbitone (Maddox et al, 1977) or
thiopentabarbitone (Chamberlain, 1996) anaesthesia plus surgery. However, Walker
et al (1983) reported that, as with sodium, this reduction in potassium excretion was
variable and transient. Furthermore, other studies have reported that potassium
excretion was increased in the Long-Evans rat following thiobutabarbitone
anaesthesia and surgical preparation for clearance (Walter et al, 1989) or
micropuncture (Shirley et al, 1990). Thomsen and Olesen (1981) also found that
potassium excretion tended to increase after amylobarbital anaesthesia plus surgery,

but in this case the increase was not statistically significant. Table 3.13 shows a

summary of the findings.
Anaesthetic Strain Surgery | Effect on K° | Reference
excretion
Thiobutabarbitone Walker et al (1983)
Long-Evans - Decreased
Pentobarbitone
Amylobarbital Wistar Thomsen and Olesen
+ No change (1981)
Sprague-Dawley
Thiobutabarbitone Long-Evans + Increased Walter et al (1989)
Thiobutabarbitone Long-Evans ++ Increased Shirley et al (1990)
Thiobutabarbitone Wistar Maddox et al (1977)
++ Decreased
Thiopentabarbitone Sprague-Dawley Chamberlain (1996)

Table 3.1.3: The effect of anaesthesia with or without (+/-) surgery on urinary K"

output in the rat ( - anaesthesia alone; + clearance surgery; ++ micropuncture surgery).
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3.1.5 Tubular reabsorption

The reductions in urinary excretion rates of water and electrolytes usually observed
following anaesthesia and surgery may, in some cases, be explained by a reduced
GFR and therefore filtered load. However, some studies that found reductions in
GFR following anaesthesia plus surgery reported that the reductions in sodium and
water excretion were greater than that in GFR (Thomsen and Olesen, 1981). Others
found that excretion rates were reduced even in the absence of a change in GFR
(Knight et al, 1978; Shirley et al, 1990). These findings therefore suggest that the
reduction in urinary excretion rates of sodium and water is partly due to increased
fractional sodium and water reabsorption in the tubule. In contrast, the study by
Walker et al (1983) found that, although GFR was reduced, urine flow rate was
unchanged after thiobutabarbitone anaesthesia in the Long-Evans rat, suggesting that
anaesthesia and surgery was associated with a decrease in the fractional reabsorption
of sodium and water. Using lithium clearance as an index of fluid delivery to the end
of the proximal tubule (Thomsen and Shirley, 1997), Thomsen and Olesen (1981)
reported that proximal fractional fluid reabsorption in the Long-Evans rat was
unchanged after amylobarbital anaesthesia and clearance surgery in the Sprague-
Dawley rat, when compared with that in conscious animals. Shirley and colleagues
also found no change in lithium clearance after clearance or micropuncture surgery
(compared with conscious, uncatheterized rats in their active period) (Walter et al,
1989; Shirley et al, 1990).

Beyond the proximal tubule, Atherton and Jammaz (1986), also using lithium
clearance as an index of end-proximal fluid delivery, found that fractional fluid
reabsorption in distal nephron segments was increased during thiobutabarbitone
anaesthesia. Other studies using lithium clearance also reported that the fractional
reabsorption of distally delivered sodium and water was increased after
thiobutabarbitone anaesthesia and surgical preparation for either clearance (Walter et
al, 1989) or micropuncture (Shirley et al, 1990). In contrast, Chamberlain (1996)
found increased fractional reabsorption in the proximal and distal segments of the
nephron following anaesthesia with thiopentabarbitone and surgery in the Sprague-

Dawley rat. Table 3.1.4 shows a summary of the findings.
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Anaesthetic

Strain

Surgery

Effect on tubular
function

Reference

Amylobarbital

Sprague-Dawley

Proximal
fractional fiuid
reabsorption
unchanged

Thomsen and Olesen
(1981)

Thiobutabarbitone

Amylobarbital

Sprague-Dawiey

Wistar

Proximal
fractional fluid
reabsorption
decreased

Atherton & Jammaz (1986)

Thomsen and Olesen
(1981)

Thiobutabarbitone

Sprague-Dawiey

Fractional
reabsorption in
distal nephron
increased

Atherton & Jammaz (1986)

Thiobutabarbitone

Long-Evans

Proximal
fractional fluid
reabsorption
unchanged and
fractional
reabsorption in
distal nephron
increased

Walter et al (1989)

Thiobutabarbitone

Long-Evans

++

Proximal
fractional fluid
reabsorption
unchanged

Shirley et al (1990)

Thiopentabarbitone

Sprague-Dawley

++

Fractional
reabsorption in
proximal and
distal nephron
increased

Chamberiain (1996)

Table 3.1.4: The effect of anaesthesia with or without (+/-) surgery on tubular

reabsorption in the rat ( - anaesthesia alone; + clearance surgery; ++ micropuncture

surgery).

3.1.6 Possible causes of the effects of anaesthesia and surgery on renal function

Rogenes and Gottschalk (1982) reported that in rats that had been subjected to

unilateral renal denervation, pentobarbitone anaesthesia caused greater reductions in

the urinary excretion of sodium, potassium and water in the innervated kidney than in

the denervated kidney, suggesting that the renal nerves were important in mediating

the responses.
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An increase in circulating levels of catecholamines could, in theory, reduce sodium
and water excretion, by decreasing GFR and/or stimulating reabsorptive rates in the
proximal tubule (Insel and Snavely, 1981). However, information on plasma
catecholamine levels after anaesthesia and surgery is incomplete and conflicting.
Joyce et al (1982) observed a significant rise in plasma noradrenaline concentration in
patients anaesthetised with halothane, whereas a reduction in plasma levels of
adrenaline and noradrenaline was reported in dogs anaesthetised with thiopentone

(Gagnon et al, 1982) or pentobarbitone (Baum et al, 1985).

An increase in the plasma level of aldosterone has been reported in humans and in rats
during anaesthesia alone (Pettinger et al, 1975; Oyama et al, 1979) or in combination
with surgery (Hume et al, 1962; Cochrane, 1978; Fromm et al, 1983). The renin-
angiotensin system plays a major role in mediating the secretion of aldosterone.
Various studies have reported that anaesthesia, using cyclopropane, diethyl ether,
halothane, ketamine, methoxyflurane, morphine, pentobarbitone or urethane is
associated with an increase in serum renin activity (Pettinger et al, 1971; Tananka and
Pettinger, 1974; Pettinger et al, 1975). More direct evidence to suggest that the renin-
angiotensin system is important in mediating the renal response to anaesthesia and
surgery was provided by Walker et al (1986), who reported that the reduction in GFR
observed following pentobarbitone anaesthesia was prevented when rats were

pretreated with captopril, an inhibitor of the angiotensin converting enzyme.

A possible role for vasopressin in mediating the decrease in urine flow rate during
anaesthesia and surgery was suggested by a study demonstrating that the antidiuretic
response to anaesthesia and surgery in humans was blunted by infusion of ethanol,
which inhibits vasopressin secretion (Deutsch et al, 1967). However, whilst an
increase in the plasma level of vasopressin after anaesthesia with diethyl ether,
methoxyflurane or halothane has been reported (Oyama, 1973), others have found no
significant effect of these or other anaesthetic agents on plasma vasopressin levels
(Moran et al, 1964; Simpson and Forsling, 1976; Philbin and Coggins, 1978;
Cochrane et al, 1981).
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3.1.7 Conclusion

The above studies illustrate that, whilst the findings from in vivo micropuncture
studies may represent observations close to the physiological state, they by no means
absolutely represent it. Nevertheless, as with in vitro experiments, findings from in

vivo studies provide a stepping stone to our understanding of physiological systems.

The above studies also show that the effects of anaesthetics and micropuncture
surgery on renal function are variable, depending on the type of anaesthetic employed
as well as the procedure adopted for surgery, and indeed on the strain of animal. In
the present investigation, thiopentone was used to anaesthetise Sprague-Dawley rats
and a flank incision was adopted to expose the left kidney; the latter has been found to
cause less disruption to renal function than the mid-line incision. There has been little
attempt to explain the vastly different findings between studies, but it seems likely

that a major factor is the skill of the worker in performing the surgery.
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3.2 SECTION 2: Assessment of the micropuncture preparation

3.2.1 Introduction

In the first part of this study, renal function was assessed after micropuncture surgery
in rats. Radiolabelled inulin (infused intravenously) was used to determine GFR.
With a molecular weight of 5500, inulin is the ideal substance to use as it is small
enough to pass freely through the glomerular filtration barrier and is neither
reabsorbed, secreted nor metabolized by the kidney. Thus, the volume of plasma that

is cleared of inulin per unit time is equal to the total GFR.

In order to assess the preparation and micromanipulative skills required in
micropuncture experiments, both GFR and individual superficial nephron filtration
rates (SNGFR) were determined, and the values were compared with those reported in

the literature.

3.2.2 Methods

3.2.2.1 Surgical preparation of animal

Male Sprague-Dawley rats that had been allowed free access to water and a standard
rat diet (140mmol of Na* and 180mmol K* kg™ dry weight) were anaesthetized with
an intraperitoneal injection of sodium thiopentone (100mg kg' body weight; Link
Pharmaceuticals Limited, Horsham, UK), and prepared surgically for micropuncture.
Rectal temperature was maintained at 37°C using a homeothermic heating blanket.
The right jugular vein was cannulated to allow the administration of 0.9% saline (at a
rate of 4ml/hr), supplementary doses of anaesthetic and radiolabelled inulin. A
tracheotomy was performed and the bladder was cannulated for urine collections and
to prevent reflex effects from bladder distension. The right femoral artery was
cannulated with polyethylene tubing containing heparinised saline for the collection

of blood samples.
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A lateral section of the body wall was then cauterized and the left kidney exposed and
placed in a Perspex kidney cup, with a gap to allow entry/exit of renal vessels and the
ureter; the cup was clamped to the operating table to restrict movement of the kidney.
Mineral o0il was used consistently throughout the procedure to prevent internal tissues
from drying out. The kidney was further immobilized by gently placing absorbent
cotton wool around it in the empty spaces inside the kidney cup. The ureter of the left
kidney was cannulated for the collection of urine samples. The rats were then left to
equilibrate for two hours before the clearance study (and before any tubular fluid

collections were made).
3222 Clearance measurements

After 1 hour of equilibration, a bolus injection of [°H] inulin (30puCi; Amersham
Biosciences, Chalfont St Giles, Bucks, UK), followed by the immediate infusion of
[*H] inulin (30pCi/hr) prepared in isotonic saline, was administered via the jugular
cannula. One hour later, when the [3H] inulin had equilibrated, clearance
determinations were begun. Urine from each kidney was collected into previously
weighed pots. Before the first urine collection, a small (~100 pl) blood sample was
taken from the cannulated femoral artery. Using micropuncture, proximal tubular
fluid samples were also collected (as described below) throughout the course of the
experiment. Urine collections were made at approximately 1 hour intervals; small
blood samples (~100ul) were taken at the start and end of each urine collection

period. An outline of the experimental protocol is shown in Fig. 3.2.1

Bolus injection of

[*H] inulin 30uCi
Anaesthesia Infusion of [*H] inulin 30uCi/hr

Surgical preparation Equilibration period Clearance
for micropuncture (2hrs) measurements and
tubular fluid

collections (3 hrs)

Fig. 3.2.1: Outline of experimental protocol for clearance study
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3223 Tubular fluid collections - SNGFR measurements

Sharpened glass micropipettes (10 um tip diameter), filled with Sudan black-stained
oil, were carefully inserted into superficial proximal tubules, using a
micromanipulator (Leitz, Wetzlar, Germany). Once the tip was inside the lumen,
identification of the proximal tubule was confirmed by injecting small droplets of the
Sudan black-stained oil. The number of reappearances of the droplet flowing along
the proximal convolutions gave an indication of the number of loops remaining before
the end of the proximal convoluted tubule, thereby indicating the position of the
micropipette (see Fig. 3.2.2). Once the position of the micropipette was confirmed, a
column of the oil (4-5 tubule diameters in length) was injected downstream into the
proximal tubule, to occlude the tubule and ensure complete collection. The tubular
fluid arriving upstream of the oil column was then collected into the same
micropipette for 8-10 minutes. During this collection, the oil column needed to
remain stable in situ, as this would indicate that the rate of fluid collection was the
same as the tubular fluid flow rate. Tubular fluid samples were taken throughout the
course of the experiment (and measured for [PH] inulin activity) for SNGFR

measurements, as described below.

Fig. 3.2.2: (A) Schematic diagram of the nephron and site of puncture (proximal
convoluted tubule) with an oil-filled micropipette. Droplets of oil are deposited into
the tubule which travel along the nephron, reappearing in the adjoining superficial
convolutions. (B): Once the position of the pipette is confirmed, a column of oil is
deposited immediately downstream of the site of puncture; tubular fluid filtered

upstream of the site of puncture is then collected into the same pipette.
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3224 Analyses
(i) Measurement of tubular fluid

With the aid of a microscope, all micropuncture collections were initially deposited
onto a watch-glass under mineral oil and their volumes measured using calibrated

constriction pipettes.
(it)  Calibration of constriction pipettes

Previously prepared constriction glass pipettes were calibrated using [*H] inulin. For
this, a droplet of the [*H] inulin infusate was deposited under oil and aliquots were
subsequently taken up by the pipette to the constriction site. The [°H] inulin was then
deposited into scintillation vials containing 8ml Aquasol 2 (Perkin Elmer Life
Sciences, Cambridge, UK) and later measured for activity. This procedure was
repeated at least three times for each pipette. The volume taken up by the constriction

pipette was calibrated against 10pl of the same [*H] inulin standard.
(iii)  Assessment of tubular fluid absorption by mineral oil

Because the volumes of tubular fluid were small (~200nl), any absorption of
fluid/water by the mineral oil (however trivial) would cause significant inaccuracies
in the measurement SNGFR. Therefore, known volumes (either 38 or 82nl) of tubular
fluid were deposited under oil and measured subsequently using the same constriction
pipette. In these experiments no differences in tubular fluid volumes were found
when measured immediately, 30 min, 2 hrs or 48 hrs after deposition; confirming that

mineral oil does not absorb tubular fluid.
(iv)  Analyses of [HJ inulin activity in plasma, urine and tubular fluid samples

Blood samples taken from the cannulated femoral artery were deposited into a
heparinized tube and immediately spun (at 1300 rpm for 3 minutes) to separate the
blood plasma from the erythrocytes. Using a microcap, 10ul of plasma was

accurately measured and dispensed into a vial containing 8ml Aquasol 2 for liquid
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scintillation counting. Tubular fluid volumes were measured as described above
using calibrated constriction pipettes. Duplicate samples (38nl) of fluid from the
same collection were accurately measured and deposited into separate vials containing
8ml Aquasol 2. Using a microcap, 10ul samples of urine (from each kidney; diluted 1
in 10) were deposited into separate scintillation vials containing 8ml Aquasol 2. All
samples deposited in Aquasol 2 were then measured for [*H] inulin activity using -

emission spectroscopy (model 2900 TR, Packard, Pangbourne, UK).
v) Calculation of GFR

The clearance of [°H] inulin was used to calculate GFR. The following formula was
applied:

Cn=(Un/Pn).V,
where Cyy is the clearance of [°H] inulin, U is the [°H] inulin activity in urine, Py is

[*H] inulin activity in the plasma and V is the urine flow rate.
(vi)  Calculation of SNGFR
SNGEFR was calculated using the equation below:

SNGFR = (TF IN / PIN)-VTF,
where TFyy is the [°H] inulin activity in tubular fluid, Py is the [*H] inulin activity in

plasma and V- is the tubular fluid flow rate.
(vii)  Analysis of Na* and K" in urine

Urinary sodium and potassium concentrations were measured by flame photometry

(Model 543, Instrumentation Laboratory, Warrington, UK).
(viii)  Transit time measurements

Proximal and distal tubular transit times were measured using Lissamine green
(Steinhausen, 1963), where 30ul of a 5% (w/w) solution of Lissamine green dye was

injected into the jugular cannula. The proximal transit time was taken as the delay
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between the initial “blush” of dye on the kidney surface and the convergence of
columns of dye in late proximal tubules before their descent beneath the surface to the
pars recta. The distal transit time was taken as the delay between the initial blush of

dye on the kidney surface to the earliest appearance of dye in distal tubules.
(ix)  Statistics
Results are expressed as means + standard error of the means (SEM). Mean values

were compared using Student’s paired ¢ test. The difference between two mean

values was considered statistically significant when P < 0.05.

3.2.3 Results

3.2.3.1 Urinary flow rate and Na* and K* output

Table 3.2.1 shows urinary flow rate and Na" and K' outputs from both
micropunctured and contralateral kidneys. There were no significant differences
between the micropunctured and contralateral (non-micropunctured) kidneys with
respect to any of these variables (P = 0.731, P = 0.961, P = 0.089 for urine flow rate,

Na' excretion and K" excretion, respectively).

3232 GFR and SNGFR

Values for GFR were calculated for both micropunctured and contralateral kidneys
and are given in Table 3.2.2. Corresponding SNGFR values for the same rats are also
shown. Each GFR value shown is an average of 2-3 measurements, whereas each
SNGFR value is an average of 2-4 measurements per rat. In any given animal, these
measurements showed little change over the course of the experiment. The mean
GFR values obtained for both the micropunctured and contralateral kidneys are well
within the normal range for rats of this size (220 — 280g). The same is true for the
SNGFR values. The small difference in GFR between the two kidneys was not
significant statistically (P = 0.4).
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Urinary flow Micropunctured kidney 18.3+6.2
rate (ul/min)

Contralateral kidney 16.4 +6.3
Na" output Micropunctured kidney 33+0.6
(pmol/min)

Contralateral kidney 33+0.5
K" output Micropunctured kidney 2.0+04
(pmol/min)

Contralateral kidney 1.6 +0.3

Table 3.2.1: Urinary flow rate and Na" and K* output in the micropunctured and

contralateral kidney during the experimental period ( means + SEM; n = 7).

GFR (ml/min) Proximal tubule
SNGFR
Micropunctured Cont.ralateral (nl/min)
kidney kidney
0.94 1.16 38.0
0.88 0.76 30.8
0.82 0.88 39.9
1.15 1.21 23.8
0.98 1.24 29.5
1.04 0.91 44.3
1.24 1.25 39.9
Mean +
SEM 1.01 + 0.06 1.06 + 0.08 35.2+2.7

Table 3.2.2: GFR and SNGFR values ( means + SEM; n = 7).
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3.2.3.3 Transit times

Proximal and distal transit times were 8.9 + 0.4 seconds and 28.6 + 0.9 seconds (n =
7), respectively. The value in each individual animal was derived from four

measurements.

3.24 Discussion

During micropuncture experiments not only is the surgical setup of the animal of vital
importance but also the micromanipulative skills required for the puncturing and
collection of fluid from tubules; during these collections, the hydrostatic intratubular
pressure should remain constant. Falls in pressure in the tubule resulting from the
application of excessive negative pressure at the pipette may be transmitted to the
Bowman’s capsule and may lead to inaccurate SNGFR results. Movements in the oil
column are indicative of unwanted pressure changes. The application of insufficient
negative pressure at the pipette would result in the oil column drifting away from the
site of collection; alternatively, excessive collection would lead to the distal oil
column moving back up into the pipette. Thus, when the oil column remains stable in
situ, the rate of tubular fluid collection should be the same as the tubular flow rate,

with little or no change in intraluminal pressure.

The GFR values found in this study were within the normal range and relatively
constant in both kidneys over the course of the experiment. The consistency in results
suggests that the rat was in a stable condition following surgery and indicates
competence in the surgical setup. This is supported by the corresponding SNGFR
values obtained, which were also within the normal range. Furthermore, no
significant differences in urinary flow rates or urinary Na' and K outputs were
observed between the micropunctured and contralateral kidneys. Finally, both
proximal and distal tubular transit times were consistent with normal renal function,
and showed no significant variation over the course of the experiment in any given
rat. All these results indicate that the exposure and extra manipulation of the

micropunctured kidney had not adversely affected its overall function.
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Limitations of SNGFR measurements Although the GFRs were well within the
normal range, on the assumption that there are 35,000 nephrons in a rat kidney
(Kaufman et al, 1976) the mean SNGFR value (35.2nl/min) is marginally high,
compared with the corresponding whole-kidney GFR (1.01 ml/min). This small
discrepancy was no different from, and certainly no worse than, that seen in most
published studies. Although a widely accepted procedure for assessment of SNGFR,
micropuncture is not without limitations. Previous reports have documented that
SNGFR measured from proximal tubular collections is usually higher than that
measured from distal tubular collections, in both rats and dogs (Navar et al, 1974).
This difference has been attributed to the tubular blockade during proximal tubular
micropuncture collections. The reduced flow rate to the macula densa triggers the
TGF response mechanism to cause vasodilatation of the afferent arteriole (see
Introduction). In this way SNGFR is increased in attempt to restore tubular flow rate.
In contrast, SNGFR measured from distal tubular collections is not subject to this

artefact.
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3.3 SECTION 3: Measurement of ATP in the renal tubule

3.3.1 Introduction

In an initial pilot study, to ascertain whether intraluminal ATP concentrations were
measurable, tubular fluid from the proximal tubule was collected using micropuncture
and was assayed for ATP concentration using the luciferin-luciferase assay. In the
second part of the investigation, ATP levels in tubular fluid derived from accessible
early, mid and late portions of the S2 segment of the superficial proximal tubule were
compared. Finally, ATP levels in tubular fluid from superficial distal tubules were

compared with those in the proximal tubule.

3.3.2 Methods

3.3.2.1 Proximal tubular collections for ATP measurements

Six male Sprague-Dawley rats were anaesthetised and prepared surgically for
micropuncture in accordance with the protocol described above (see Section 3.2.2.1).
Following equilibration, tubular fluid collections were made from superficial
proximal tubules using a micropipette (as described above Section 3.2.2.3). If the
number of convolutions (as indicated from the number of oil droplet reappearances)
were greater than three, the site of puncture was assumed to be the proximal
convoluted tubule rather than the distal tubule (which usually has no more than two
convolutions). Following the tubular fluid collection (each collection lasting 4 mins),
the sample in the pipette was immediately deposited onto a watch-glass, under
mineral oil, and the volume measured using a previously calibrated constriction
pipette. For measurement of ATP, the tubular fluid sample was then deposited into a
vial containing 50ul of ice-cold water and immediately frozen to halt the degradation
of ATP. A total of 6-10 collections (600 - 1000nl) of proximal tubular fluid were
pooled to allow the measurement of ATP using the luciferin-luciferase enzyme

reaction, the vial being kept frozen between additions of fresh collections. This
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procedure was adopted for quantification of ATP concentration in all tubular fluid

collections.

3.3.2.2 ATP measurements

The amount of ATP in the samples was quantified by luminometry using the
luciferin-luciferase assay. In this technique, luciferin-luciferase reagent (ATP reagent
SL, Bio Thema, Sweden) was reconstituted with 15ml of deionised 18.2mQ grade
water in a clean vial and mixed thoroughly. Once reconstituted, the reagent was
protected from light using aluminium foil and left to stand for 20-30 minutes at room
temperature. ATP standards, as well as water (used for blank/background reading),
were subsequently pipetted (50pl) into a white (nonphosphorescent) 96-well
microplate. The plate was placed in a luminometer machine (Lucy 1, Anthos
Labtech, Salzberg, Austria) and 100ul of the luciferin-luciferase reagent was then
automatically loaded into each well and the light emitted from the reaction given in
the equation below was measured and quantified.

Firefly luciferase catalyses the following reaction:

luciferase

ATP + D-luciferin + O, » AMP + inorganic pyrophosphate +

oxyluciferin + light

The reagent contains D-luciferin as substrate, inorganic pyrophosphate, which stabilizes the
light emission, and bovine serum albumin, which stabilizes the reagents, avoiding the

inactivaton of luciferase.

After the establishment of a standard curve, frozen vials containing tubular fluid
samples from the micropuncture experiments were quickly thawed and immediately
loaded into empty wells of the same plate and measured using the same procedure
described above. Following this, ATP standards were then loaded again into empty
wells of the same plate and read again, using the procedure described above. This
was to test whether any significant change in the values for ATP standards had
occurred over the course of the measurements. In no case was this seen. The ATP

concentrations in the tubular fluid were then calculated from the calibration curve
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constructed from the ATP standards (see Fig. 3.3.1 for typical calibration curve).
The detection limit was calculated using the mean baseline noise plus 3 standard

deviations of the baseline noise in a sample of deionized water.

40 -

y =0.2881x + 1.2291

30 1 R? = 0.9981

0 20 40 60 80 100 120

ATP (fmol)

Fig. 3.3.1: A typical ATP calibration curve, where i is a measure of the light intensity
emitted from the luciferin-luciferase reaction. This standard curve varied little

between experiments.

In these initial pilot studies the ATP concentration found in random superficial S2
proximal tubular segments was 267 + 24 nmol/l (mean + SEM). These levels of ATP
would be high enough to stimulate some P2 receptor subtypes (Schwiebert et al, 2003;
King and Townsend-Nicholson, 2003). Therefore, in further investigations, direct
comparisons were made between the luminal ATP concentrations of different (early,
mid and late) regions of the S2 segment and between proximal and distal tubular
fluid.

3323 Collection of fluid from early. mid and late S2 proximal tubular

segments

Nine male Sprague-Dawley rats were anaesthetised and prepared surgically for

micropuncture in accordance with the protocol described above (see Section 3.2.2.1).
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Identification of the location of the collecting pipette was achieved by injecting small
droplets of Sudan black-stained oil into the tubule; the number of reappearances of the
droplet flowing along the proximal convolutions gave an indication of the number of
loops remaining before the end of the proximal convoluted tubule. If 6-7
convolutions remained, the site was defined as being ‘early’; if 3-4 convolutions
remained, it was defined as ‘mid’; and if 0-1 convolutions remained, it was defined as
‘late’. Late segments of the proximal tubule were confirmed through intratubular
injections of Microfil silicone rubber compound (Flow Tech, Carver, MA, USA)
which was subsequently microdissected (as described below). Tubular fluid
collections (n = 7-10; each collection lasting 4 min) from each of the three puncture
sites were pooled in three separate vials; thus a single pooled value for each site was

obtained per rat. The samples were later assayed for ATP as described above.

Urine from the micropunctured and contralateral kidneys was collected at 1-2hr
intervals from the end of the equilibration period throughout the tubular fluid
collections. The samples were then assayed for Na" and K content using the protocol

described above in Section 3.2.2.4.

3324 Comparison of ATP concentrations in_proximal and distal tubular

segments

Nine male Sprague-Dawley rats were anaesthetised and prepared surgically for
micropuncture in accordance with the protocol described above (see Section 3.2.2.1),
and collections were made from mid-proximal convoluted tubules and from early
distal tubules, as far as possible, alternately. Early distal tubular segments were
initially identified by administering a bolus injection (30ul of a 5% solution) of
Lissamine green dye into the jugular catheter (Steinhausen, 1963). Following a brief
delay, the dye appears over the kidney surface, highlighting superficial proximal
tubules, then disappears (as it travels down the loop of Henle) and then reappears in
the superficial distal tubular segments. The micropipette was targeted to an early
segment of the distal tubule for the collection of tubular fluid, following the same
procedure as the collection of proximal tubular fluid described above, except that the
tip diameter of the micropipette used in this study was slightly smaller (8-9um). Due

to the lower flow rate and the lack of abundance of surface distal tubules, distal
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tubular fluid collections were made for 8 minutes rather than 4 minutes, and up to 16
collections were pooled for a single reading (compared to a maximum of 10 for the
proximal tubule). For consistency, proximal tubular collections also lasted 8 min. On
two occasions, distal tubular fluid had to be pooled from two rats to obtain sufficient
volume (900-1500nl); in these cases, the ATP concentrations of the pooled proximal
tubule collections from the corresponding two rats were averaged for comparison with
the early distal ATP concentration. Confirmation of the distal tubular site was
achieved through intratubular Microfil injections, introduced after tubular collections

and later microdissected (as described below).

Urine from the micropunctured and contralateral kidney was collected at 1-2 hr
intervals from the end of the equilibration period throughout the tubular fluid
collections. The samples were then assayed for Na* and K* content using the protocol

described above in Section 3.2.2.4.

3.3.2.5 Microdissection of the kidney

The possibility of a proximal tubule being mistaken for an early distal tubule cannot
be ruled out using the micropuncture technique, as both regions have 0-1 further
surface convolutions. As indicated above, Microfil was therefore injected into the
same late proximal tubules and early distal tubules from which collections were made.
The Microfil, introduced into the tubule as a liquid, then solidified, taking the shape
of a significant portion of the region of tubule into which it was injected. At the end
of the experiment, the micropunctured kidney was then removed, cut in half and
decapsulated. The kidney was then stored in distilled water for a few days, after
which it was placed in 20 % NaOH (5M) for 10 minutes. The tubules that had been
previously filled with Microfil were then dissected out and the structure of the late
proximal or early distal tubule segment was visually confirmed (Cortell, 1969). Distal
tubules were identified by the presence of the ascending limb of Henle upstream and
the convergence of the distal tubule into a single collecting duct. Late proximal
tubules were confirmed by the presence of several convolutions upstream and the pars

recta downstream.
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3.3.2.6 Statistics

Results are expressed as means + standard error of the mean (SEM). Changes in
ATP concentration and tubular flow rates between the different sites were assessed
using Student’s Newman Keules paired ¢ test. The difference between two mean

values was considered statistically significant when P < 0.05.
3.3.3 Results

3.3.3.1 Early vs. mid vs. late proximal tubule

(i) Urinary flow rate and Na* and K" output

Table 3.3.1 shows urinary flow rate and Na' and K outputs from both
micropunctured and contralateral kidneys. Neither urine flow rate nor K* excretion
differed significantly between the micropunctured and contralateral kidneys (P = 0.09
and 0.81 respectively), whereas Na' output was significantly lower in the

micropunctured kidney than in the contralateral kidney (P = 0.002).

Urine flow rate | Micropuncture kidney 222+4.1
(ul/min)

Contralateral kidney 30.2+4.3
Na’ output Micropuncture kidney 2.8+04
(umol/min)

Contralateral kidney 35+04
K" output Micropuncture kidney 1.2+0.1
(umol/min)

Contralateral kidney 1.2+0.1

Table 3.3.1: Urine flow rate and Na" and K" outputs in the micropunctured and

contralateral kidney during the experimental period (mean + SEM; n = 8).
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(ii) Tubular flow rates

Significant differences in tubular flow rates were observed between the different sites
(P =0.004). The tubular flow rate in the early region of the proximal tubule was 35 +
3 nl/min (mean + SEM; n = 9). The corresponding value in the mid region of the
proximal tubule was 29 + 3 nl/min (P = 0.02, paired t test). The tubular flow rate in
the late region of the proximal tubule was 26 + 2 nl/min, which was significantly
lower (P = 0.04) than that of the mid region. N.B. Each mean + SEM is calculated
from the average tubular flow rates from 9 rats; and each average value per rat is

calculated from 6-10 collections.

(iii) Intraluminal ATP concentration in the early, mid and late regions of

the proximal tubule S2 segment

As shown in Fig. 3.3.2, ATP concentration in tubular fluid derived from the early
region of the S2 segment of the proximal convoluted tubule was 126 + 16 nmol/l
(mean + SEM; n = 9), that in the mid region was 146 + 20 nmol/l, and that in the late
region was 112 + 8 nmol/l. No significant differences in ATP concentration were
found between the early and mid regions (P = 0.24) or between the mid and late

regions of the proximal convoluted tubule (P = 0.12).
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Fig. 3.3.2: Intraluminal ATP concentrations in early, mid and late regions of the
proximal convoluted tubule. Each point represents a single pooled collection, made up
of 7-10 samples. Values in each rat are linked by solid lines. Means + SEM are

indicated.

3.3.3.2 Proximal tubule vs. distal tubule

(i) Tubular flow rates

The tubular flow rate in the mid region of the proximal convoluted tubule was 26 + 1
nl/min (mean + SEM; n = 9), whilst that in the early distal convoluted tubule was 11 +
1 nl/min (P <0.0001).

(i) Intraluminal ATP concentration in proximal and distal convoluted tubules

The concentration ATP in tubular fluid derived from early distal tubules was 33 + 14

nmol/l, compared with 116 + 33 nmol/l in mid-proximal tubules (Fig. 3.3.3). In every

comparison (n = 7), the ATP concentration in distal tubules was lower than in
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proximal tubules. A paired ¢ test showed the difference in these concentrations to be
statistically significant (P <0.01).

350 -

300 -

250 P <0.01

ATP 200
concentration

(nM) 150 -
100 A %
50 1

Q
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Fig 3.3.3: Intraluminal ATP concentrations in mid-proximal convoluted tubule and
early distal tubule. Each point represents a single pooled collection, made up of 7-10
proximal samples or 10-16 distal samples. Values in each rat (or pair of rats) are

linked by solid lines. Means + SEM are also shown.

3.3.4 Discussion

Tubular flow rates in the early, mid and late regions of the proximal convoluted S2
segment, as well as in the early distal convoluted tubule, were well within the

expected range.
Using the luciferin-luciferase assay, the readings for the ATP standards taken before

and after the tubular fluid measurements were consistent. In addition, the standard

calibration curves that were generated for each experiment did not vary significantly;
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and all readings for ATP in tubular fluid were well above the detection limit (~20

fmoles per vial; < 1 nmol/l).

In this investigation, the levels of ATP present in the proximal tubular fluid were
lower than those predicted on the basis of in vitro experiments with tubular cultures
(Schwiebert et al, 2003) but were nevertheless high enough to stimulate a number of
P2 receptor subtypes (Schwiebert et al, 2003; King and Townsend-Nicholson, 2003).
The ATP concentrations in fluid derived from the early, mid and late regions of the S2
segment of the proximal tubule were not significantly different from one another. The
overall average ATP level found in these regions was approximately 130nmol/l. This
luminal ATP may have originated from one of two possible sources: filtration from
plasma at the glomeruli and/or release of ATP from tubular epithelial cells. If the
latter were true, a variety of mechanisms exist by which ATP could be released from
the tubular cells, including (i) ATP release from cells damaged by the introduction of
the pipette into the tubule (in which case the ATP measured would be an artifact of
the technique), (ii) physiological release of ATP from tubular epithelial cells, and/or
(1ii) release of ATP from epithelial tubular cells that had physiologically undergone
apoptosis. Where feasible, these possibilities have been assessed and will be

discussed in the ensuing sections.

The ATP concentration in tubular fluid from the distal tubule averaged 33 nmol/l,
significantly lower than that of the proximal tubule. There are several possible reasons
for this. One obvious explanation is that ATP secretion by distal epithelial cells may
be significantly lower than that of proximal epithelial cells; in this context, the
proximal tubule, with its brush-border apical membrane having a greater luminal
surface area, might be able to secrete more ATP than a distal tubular segment of the
same length. Another possibility may be variability in the expression of membrane-
bound ectonucleotidases. The specific expression of the different members of these
enzymes (varying in their catalytic activity) in different regions of the same nephron
may influence the overall intraluminal ATP concentration at these sites.
Alternatively, distal tubular epithelial cells may not themselves release ATP; thus the
ATP found in the lumen of the distal convoluted tubule may simply be proximal

tubular ATP that has flowed downstream.
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Whatever the reason may be, the finding that ATP concentrations in the distal tubule
in vivo are markedly lower than those in the proximal tubule echoes the in vitro
findings of Schwiebert’s group in cultured cells (Schwiebert et al, 2003) and suggests
that an effect of P2 receptor stimulation in the distal tubule under physiological
conditions is less likely. However, in view of the longer collection times employed
and the presence of some ectonucleotidases in this nephron segment (as will be

discussed in Chapter 5), such an effect cannot be ruled out.
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3.4 SECTION 4: Examination of potential artifacts in the

micropuncture technique for quantifying ATP in vivo

3.4.1 Introduction

In any study of this nature, care must be taken to exclude possible artifacts and
potential sources of contamination. Although precaution was taken in using ultra-fine
sharpened micropipettes, the procedure of micropuncture inevitably involves
puncturing the tubular wall. Because the intracellular concentration of ATP
(~5mmol/l) is several orders of magnitude greater than that measured in the lumen,
this could potentially pose problems when trying to quantify the normal physiological
levels of ATP in tubular fluid, as damage to the tubular cells caused by insertion of
the collection pipette might itself lead to release of intracellular ATP into the lumen,
or the pipette tip might become contaminated with ATP as it traverses the tubular
cells ultimately leading to artifactual intraluminal ATP concentrations. In addition,
disturbances of intraluminal pressure caused by the oil column distal to the point of
collection might induce mechanical stress and stimulate ATP release by the proximal
tubular cells. To assess these possibilities, experiments were conducted in which the
method of tubular fluid collection was modified, and the intraluminal ATP levels
directly compared with those from collections using the conventional oil column

method in the same rats.

3.4.2 Methods & Results

34.2.1 Normal vs. delayed collection

In these experiments (n = 3), a period of 4 minutes was allowed to elapse after the
pipette was introduced into the tubule before the oil column was injected. The
rationale for this was that mechanical damage induced by the introduction of the
pipette into the tubule would be expected to cause a bolus release of ATP from

damaged tubular cells, and that the immediate introduction of an oil column might
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effectively ‘trap’ this bolus release of ATP. Although 10 — 20 seconds were always
allowed to elapse before injection of the oil column in the conventional experiments,
these additional experiments were performed to assess whether there was a significant
change in intratubular ATP concentration if more time was allowed to elapse. The
results showed that there was no significant difference (P = 0.59; paired ¢ test) in
measured ATP concentrations between normal (125 + 15 nmol/l) and delayed (166 +
57 nmol/1) pooled collections, indicating that if there is a bolus release of ATP from
damaged tubular cells during the insertion of the pipette, it occurs almost

instantaneously and is washed away downstream rapidly.

3422 Use of an oil column

The presence of the oil column distal to the point of collection might cause the
intraluminal pressure within the tubule (at the point of fluid collection) to increase,
thereby inducing the release the ATP from adjacent tubular epithelial cells. In order
to assess this possibility, experiments were conducted to make a direct comparison
between ATP concentrations in (pooled) collections made using the conventional
method (i.e. depositing the oil column and making a complete collection) and those in
(pooled) collections made where tubular fluid was merely sampled (i.e. no oil column
was deposited). These experiments (» = 3) found no significant difference (P = 0.59)
in ATP concentration between collections made using the conventional oil column
(104 + 52 nmol/1) and collections made without the presence of an oil column (147 +
18 nmol/l), suggesting that the ATP concentrations previously documented were not

due to ATP released as a result of the presence of an oil column.

3423 Possible contamination from puncturing the tubule

In a further experiment, tubules were punctured repeatedly using a clean micropipette,
but no tubular fluid was collected. The aim was to assess whether any ATP from the
intracellular fluid of tubular cells was adhering to the tip of the pipette, resulting in
artifactually high ATP values measured in tubular fluid. Following each puncture of
the tubule, the pipette tip was immediately submerged into a droplet of water
(previously deposited under oil) to effectively ‘rinse’ the tip of possible intracellular

fluid contamination. This procedure was repeated ten times, after which the complete

101



volume of the water droplet was deposited in ice-cold water and assayed for ATP
(following the same procedure as that for tubular fluid). Proximal tubular fluid
collections were also made in the same animal using the conventional method for
comparative purposes. The results of this investigation revealed that the
concentration of ATP in the droplet of water was undetectable and that the
corresponding ATP concentration in pooled samples of tubular fluid was 289 nmol/l,
leading to the conclusion that the levels of ATP detected in tubular fluid could not be

attributed to intracellular ATP contamination.

3.4.3 Summary

No difference in luminal ATP concentrations were found whether or not an oil block
was used, nor when a 4-min delay was interposed between insertion of the pipette and
initiation of collection. Clearly, any pulse of ATP released on insertion of the pipette
must have been washed away/metabolized within seconds, before tubular fluid
collections began. In addition, experiments in which a pipette was repeatedly inserted
into a number of tubules, but without tubular fluid collection, showed no trace of
ATP. It can be concluded that the ATP measured in the proximal tubular lumen was

not simply a consequence of the experimental manipulations employed.
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3.5 SECTION 5: Degradation of ATP during micropuncture

collection procedures

3.5.1 Introduction

From immunohistological studies (Kishore et al, 2005; Le Hir and Kaissling, 1993;
and see Chapter 5), it is clear that many ectonucleotidases (that specialize in the
hydrolysis of ATP) are expressed on the apical membrane along the tubule. As well
as being membrane bound, some of these enzymes have the potential to be cleaved at
the stalk close to the membrane to be released as soluble nucleotidases. In particular,
all members of the NPP family, alkaline phosphatase and ecto-5’-nucleotidase have
this potential (Zimmermann, 2001). Ecto-5’-nucleotidase, alkaline phosphatase and
NPP3 are all expressed on the brush-border membrane of the proximal tubule, and the
latter two enzymes can hydrolyse ATP. Their presence as soluble nucleotidases
might mean that the true value of the intraluminal ATP concentration as found in
Section 3.3 was underestimated, as the enzymes will remain active in the micropipette

during the collections of tubular fluid.

The present study was therefore conducted to assess the activity of these soluble
nucleotidases. This was done in two ways: firstly by incubating tubular fluid from
proximal and distal tubules with exogenous ATP, and secondly by varying the
duration of the collections made from proximal tubules. The half-life of ATP in
tubular fluid could then be deduced. It should be stressed that these experiments were
not conducted to determine the kinetics of soluble nucleotidases in the luminal
environment but were designed to assess (i) if these enzymes were active and (ii)
whether it was possible to apply a correction factor so that the concentration of ATP
at time zero (i.e, before any degradation had occurred, when tubular fluid is still

present in the lumen) could be determined.
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(i) Degradation of exogenous ATP

3.5.2 Methods

In pilot experiments, the stability of ATP in mid-proximal and early distal tubular
fluid was investigated by determining the degradation of exogenous ATP. In this
study, male Sprague-Dawley rats were anaesthetised and prepared surgically for
micropuncture in accordance with the protocol described above (see Section 3.2.2.1).
Volumes of mid-proximal or early distal tubular fluid were collected, also as
described above (see Section 3.3.2.1 and 3.3.2.4), and deposited under oil onto a
watch-glass. Using a constriction pipette, paired aliquots of 82nl were accurately
isolated from this pool and deposited onto a different area of the same watch-glass.
Samples of standard ATP solution (12 nl of 100uM ATP) were then mixed with the
aliquots of proximal or distal tubular fluid. The mixture was then allowed to incubate,
at room temperature (23°C), for 5, 10, 20 or 40 min, at the end of which any
degradation was halted by adding the whole solution to 50pl ice-cold de-ionized water
and freezing it for subsequent assay. The same standard ATP solution was added (in

triplicate) to de-ionized water as a control.

3.5.3 Results

When aliquots of proximal tubular fluid or distal tubular fluid were incubated with
ATP standards, in each case the ATP content of the mixture decreased with time.
Under these conditions, where substrate concentration was not a limiting factor, ATP
was found to be degraded at a mean rate of 16 fmol/min in proximal tubular fluid
(Fig. 3.4.1A) and 15 fmol/min in distal tubular fluid (Fig. 3.4.1B)
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Fig. 3.4.1: (A) Degradation of exogenous ATP in samples of proximal tubular fluid.
Each value shown is the mean (+ SEM) of 9 pairs of incubated samples. (B)
Degradation of exogenous ATP in samples of distal tubular fluid. Each value shown

is the mean (+ SEM) of 7 pairs of incubated samples.
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(ii) Degradation of endogenous ATP

3.5.4 Methods

Because the pilot experiments indicated significant degradation of exogenous ATP by
enzymes in tubular fluid, degradation of the (much lower levels of) endogenous ATP
found in collected fluid was assessed. In these experiments, nine male Sprague-
Dawley rats were anaesthetised and prepared surgically for micropuncture in
accordance with the protocol described above (see Section 3.2.2.1). Mid-proximal
tubular fluid collections of varying duration were made, also as described above (see
Section 3.3.2.1). Tubular fluid collections lasted 4, 10 or 22 min, and the order in
which these were made was randomized. To exceed detection limits for the luciferin-
luciferase assay, samples of a given duration were pooled (n= 3-10 collections), so

that a single (pooled) value for each time interval was obtained per rat.

3.5.5 Results

Endogenous ATP concentrations in mid-proximal tubular fluid collected for 4, 10 or
22 min were 117 + 20 nmol/1, 59 + 7 nmol/l and 17 + 4 nmol/l, respectively (means +
SEM; n = 9). Fig. 3.4.2 shows these ATP concentrations plotted against “processing
time” on a semi-log scale, where “processing time” was taken to be: half the total
duration of collection (in order to obtain an average time for the existence of a droplet
of tubular fluid in the pipette, assuming a constant collection rate) plus the 2 min
taken for volume measurement. ATP concentration fell exponentially as “processing
time” increased; its half-life was 3.4 min. Extrapolation back to zero time (i.e. before

any degradation by soluble nucleotidases had occurred) gave a value of 275 nmol/l.
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Fig. 3.4.2: Endogenous ATP concentrations in tubular fluid sampled from mid-

proximal convoluted tubules of Sprague-Dawley rats, with varying duration of
collection (4, 10 or 22 min). A single value for pooled collections for each time
interval was determined in each rat, and the values shown are means + SEM (n =9
rats). “Processing time” was defined as half the total duration of collection plus 2 min

(the time taken for volume measurement).

3.5.6 Discussion

Although the ATP concentrations in the proximal tubular fluid, as found in the
previous chapter, are high enough to stimulate a number of P2 receptor subtypes
(Schwiebert et al, 2003; King and Townsend-Nicholson, 2003), the concentrations
measured are likely to underestimate significantly those in the tubular micro-
environment owing to the presence of nucleotidases. In the initial studies, assessment
of nucleotide catabolism by incubating an excess of exogenous ATP in proximal and
distal tubular fluid indicated that tubular fluid contains enzymes capable of
hydrolyzing ATP.
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Because endogenous ATP concentrations were markedly lower (an influencing factor
over the rate of nucleotide hydrolysis), a further investigation was made in which the
duration of proximal tubular fluid collections was varied, thereby assessing the
stability of endogenous ATP; the half life of endogenous ATP in collected proximal

tubular fluid was found to be 3.4 minutes.

Reasoning behind timed collections (‘processing time’)

When assessing the half-life of endogenous ATP, proximal tubular fluid collections
were made for 4, 10 and 22 minutes. Once tubular fluid is out of the nephron, the
level of ATP in tubular fluid in the pipette will be consistently on the decline due to
exposure to soluble nucleotidases. Thus, the final concentration of ATP in the initial
part of the collection will be lower than that in fluid collected within the last part of
the collection. Assuming that the rate of collection was constant, the average time that
a given droplet of tubular fluid was out of the nephron for the 4, 10 and 22 minute
collections would be 2, 5 and 11 minutes, respectively. In addition, the time taken to
process the collected fluid (i.e. to measure and deposit it in ice-cold water) was on
average 2 minutes, thereby increasing this time for each collection to 4, 7 and 13

minutes, respectively.

The linearity (on a semi-log plot) in the results from these experiments implies that
the concentration of ATP at time zero (i.e. before any degradation by soluble
nucleotidases) can be obtained by extrapolation; it was found to be in the region of
275nmol/l. It is worth noting that this value is indicative of the levels of ATP present
in the tubular lumen and not necessarily at the vicinity of tubular cell membrane,
where the concentration of newly released ATP from tubular cells may be

significantly higher.
Rate of ATP hydrolysis by soluble nucleotidases
When assessing the stability of exogenous ATP, the concentration applied was

significantly greater (almost 100 fold) than the endogenous ATP already present in
the tubular fluid. Therefore the availability of substrate, being present at these high
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concentrations, would not have been a limiting factor when assessing the rate of ATP
hydrolysis. Under these conditions, the rate of hydrolysis in proximal tubular fluid
was found to be approximately 16 fmol/min. However, these experiments were
conducted at room temperature; because temperature is also rate limiting, the rate of
hydrolysis by these soluble nucleotidases would be expected to be higher in vivo

(where the temperature would be 37°C).

Due to the unfeasibility of collecting enough distal tubular fluid, an assessment of
endogenous ATP degradation could not be conducted for the distal convoluted
tubules; therefore, the intraluminal ATP concentration at time zero could not be
extrapolated in the same way as for the proximal tubule. Nevertheless, degradation of
exogenous ATP by soluble nucleotidases in the distal tubular fluid was examined. In
these experiments the rate of ATP hydrolysis by soluble nucleotidases in distal tubular
fluid was similar (~15 fmol/min) to that seen in proximal tubular fluid. On this basis
it may be assumed that hydrolysis of endogenous ATP by soluble nucleotidases in the

distal convoluted tubule occurs at a similar rate to that of the proximal tubule.

Finally, it is worth emphasizing that in addition to this degradation of endogenous
ATP by soluble nucleotidases, an array of ectonucleotidases is known to line the
proximal tubular apical membrane. These ectonucleotidases are poised to metabolize
ATP close to its site of action, even before tubular fluid collections can proceed and
may have a higher catalytic activity than their soluble forms. For this reason, it is
possible that the concentration of ATP in the immediate vicinity of apical P2
receptors is higher than those measurable with the present methodology.
Nevertheless, from the present investigation, the luminal ATP concentration
(275nmol/l at time zero) represents a minimal value of ATP present in the proximal

tubular microenvironment.
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3.6 SECTION 6: Is ATP filtered or secreted?

3.6.1 Introduction

From the ATP assays performed on proximal and distal tubular fluid samples, it is
clear that ATP is present in the tubular lumen. Moreover, it seems unlikely that this
tubular ATP was a product of epithelial cellular damage while conducting the
micropuncture experiments. So the next question to answer is: from where does

tubular ATP originate?

One possible answer to this question would be that tubular ATP is secreted directly
from the renal epithelial cells, as suggested by in vitro studies (Wilson et al, 1999).
However, a second possibility is that ATP may have been filtered from the plasma at
the glomerulus. No study has examined this possibility. Therefore, to distinguish
between these two possibilities, a special strain of naturally mutated rats was used.
These rats, namely Munich-Wistar rats, unlike other strains, have a number of
glomeruli that lie close to the surface of the kidney, thereby allowing micropuncture
access to Bowman’s capsule. In this way a direct comparison could be made between
the levels of ATP in Bowman’s capsule fluid and in proximal tubular fluid in the

same animals.
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3.6.2 Methods

3.6.2.1 Bowman’s capsule and proximal tubular fluid collections

Twelve male Munich-Wistar rats were anaesthetised and prepared surgically for
micropuncture in accordance with the protocol described above for Sprague-Dawley
rats (see Section 3.2.2.1). In some Munich-Wistar rats (n = 4), [*HJinulin (40uCi
bolus, 40uCi/h) was infused intravenously from the end of the first hour of
equilibration as described in Section 3.2.2.2. Fluid collections were made alternately
from mid-proximal convoluted tubules (as described above in Section 3.2.2.3) and
from Bowman’s capsules (of different nephrons). Identification of Bowman’s space
was made initially on the basis of its proximity to the targeted glomerulus, the large
number of proximal tubular segments seen to succeed it when a small oil droplet was
allowed to move downstream, and its characteristic shape when partially filled with
Sudan black-stained oil (Shirley et al, 2004). Where possible, further confirmation of
the puncture site was achieved through the [*H}inulin concentration of the collected

fluid relative to that of plasma water.

Fluid collected from Bowman’s space (n = 8-10 collections per rat; each collection
lasting 4 minutes) was pooled (as described above in Section 3.3.2.1) and later
assayed for ATP (as described above in Section 3.3.2.2). Mid-proximal tubular fluid
collections (n = 8-10 collections per rat; each collection lasting 4 minutes) were

pooled in a separate vial and later assayed for ATP using the same procedure.

In a sub-group of rats (n = 4), water reabsorption between the Bowman’s capsule and
the mid-proximal convoluted tubule was assessed using [3H] inulin, to determine
whether any differences in ATP concentration between the two sites could be
attributed to water reabsorption. In these experiments, where rats were infused with
[’H] inulin, fluid samples from Bowman’s space (using a 79nl constriction pipette)
and from mid-proximal tubule (38nl) were deposited into Aquasol 2 for measurement

of [*H]inulin activity (as described above in Section 3.2.2.4).

111



3.6.2.2 GFR and SNGFR measurements

GFR and SNGFR measurements were made in accordance with the protocol

described for Sprague-Dawley rats (Section 3.2.2.4)

3.6.2.3 Comparison of | 3 H] inulin activity in total plasma and plasma water

In these experiments, a large (1ml) sample of blood was collected at the end of the
micropuncture period. The plasma was divided into two equal portions. From one
portion, 10ul samples were directly deposited into Aquasol 2, as described previously.
The other portion was treated to precipitate out plasma proteins by diluting the sample
5:1 with 5% metaphosphoric acid (Briggs, 1940) The plasma, together with the
protein precipitate, was centrifuged to separate the plasma water from the plasma
protein precipitate. Ten microlitres of the supernatant (plasma water) was then

deposited into a vial containing Aquasol 2 and counted as described previously.

3.6.3 Results

3.6.3.1 Urinary flow rate and Na'" and K* output

Table 3.6.1 shows urinary flow rate and Na' and K’ outputs from both
micropunctured and contralateral kidneys. Urine flow rate in the micropunctured
kidney was not significantly different from that of the contralateral kidney (P = 0.07);
whereas in these experiments Na' (P = 0.02) and K* (P = 0.02) outputs were
significantly lower in the micropunctured kidney compared with the contralateral

kidney.

3.63.2 GFR and SNGFR

Mean values for GFR for both micropunctured and contralateral (non-

micropunctured) kidneys are given in Table 3.6.2. Corresponding SNGFR results are
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also shown. Each GFR value shown is an average of 2-3 measurements, whereas

each SNGFR value is an average of 4 measurements taken per rat.

Urinary flow Micropuncture kidney 42+04
rate (ul/min)

Contralateral kidney 49+03
Na' output Micropuncture kidney 04+0.1
(pmol/min)

Contralateral kidney 0.7+0.1
K" output Micropuncture kidney 0.7+0.1
(pmol/min)

Contralateral kidney 1.3+0.1

Table 3.6.1: Urinary flow rate and Na* and K" outputs in the micropunctured and

contralateral kidney during the experimental period (means + SEM; n=11).

GFR (ml/min) SNGFR (nl/min)
Micropunctured Contralateral Proximal
kidney kidney tubule

1.19 1.29 63.2

1.18 1.43 63.9

0.92 1.14 55.2

1.62 1.68 66.3

Mean +

SEM 1.23 + 0.14 1.39 + 0.11 62.1+24

Table 3.6.2: GFR values (for individual rats, as well as means + SEM; n = 4) for both

micropunctured and contralateral kidney; and corresponding SNGFR values.
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3.6.3.3 ATP concentrations in Bowman’s space vs. mid-proximal tubule

In all 12 Munich-Wistar rats, the ATP concentration was higher in the mid-proximal
tubule than in Bowman’s space (Fig. 3.6.2; P<0.001). The mean (= SEM) ATP
concentration in mid-proximal convoluted tubule was 142 + 23 nmol/l, compared with
only 32 £ 7 nmol/l in Bowman’s space. In some animals, the tubular fluid/plasma
water [*H]inulin concentration ratio (TF/Py,) was also measured at each site. TF/Py, at
Bowman’s space was 1.04 + 0.02 (n = 14), and at the mid-proximal tubule it was 1.34
+ 0.06 (n = 14), indicating that ~25% of the filtered fluid had been reabsorbed

between the two puncture sites.
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Fig. 3.6.2: ATP concentrations in Bowman’s space and mid-proximal convoluted
tubule of Munich-Wistar rats. Each point represents a single pooled collection, made
up of 8 - 10 samples. Values in each rat are linked by solid lines. Means + SEM are

also shown.
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3.6.4 Discussion

On initial consideration, it might be thought that the concentration of ATP in filtered
fluid could be obtained simply by measuring its concentration in plasma. Previous
studies have reported plasma ATP concentrations to be in the range 100-200nmol/l
(Bodin and Burnstock, 1996; Born and Kratzer 1984). Such concentrations are
consistent with those found in the proximal tubular fluid in the present study, raising
the possibility that ATP found in proximal tubules was merely filtered from the
plasma at the glomerulus. Because of this, I attempted to measure the plasma ATP
concentrations of the Sprague-Dawley rats used in the present study. Although blood
was taken from the cannulated femoral artery, thereby minimizing the risk of vascular
damage, the results were extremely variable (ranging between 4 and 107 nM) and the
possibility of release of intracellular ATP from red cells through necrotic or
mechanically induced cell damage during centrifugation could not be ruled out. In
addition, the activities of endothelial membrane-bound and soluble nucleotidases in
the vasulature will also influence ATP measurements. In any case, even if the data
could be relied upon, ATP concentrations in the blood derived from the femoral artery
would not necessarily represent the concentration of ATP being filtered at the
glomerulus, as ATP release and hydrolysis may be constantly shifting throughout the
vascular system and ATP may also be degraded by enzymes in the glomerular
membranes. For all these reasons, it was felt necessary to measure ATP directly in

Bowman’s space.

For this, Munich-Wistar rats were used instead of Sprague-Dawley rats (as used in
every other study in this thesis), due to their unique natural anatomical feature of
having some glomeruli close to the kidney surface, enabling access of the
micropipette to Bowman’s space. Although at first glance the GFRs in these rats
were slightly higher than those reported in Sprague-Dawley rats, when account was
taken of their greater weight (average weight ~ 310g) the GFRs of Munich-Wistar rats
were normal. However, the SNGFR/GFR ratio was higher than seen in Sprague-
Dawley rats. Given that the SNGFR measurements were in each case made from
proximal collections, this might suggest that the TGF mechanism is more sensitive in
Munich-Wistar rats. However, a similarly high SNGFR/GFR ratio was noted in a

previous study in Munich-Wistar rats using distal tubular collections (Shirley et al,
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2004). Alternative explanations are that Munich-Wistar rats may have fewer nephrons

or that their superficial nephrons have abnormally high SNGFRs.

Although tubular flow rates as well as GFR were normal in Munich-Wistar rats,
sodium and water outputs in both kidneys were lower than in Sprague-Dawley rats
infused at the same rate. Because the surgical procedure and set-up for the Munich-
Wistar rats was no different from that of the Sprague-Dawley rats, it is possible that
these low sodium outputs were an effect of the different strain of rats responding
differently to the anaesthesia and/or surgical procedure (see Section 3.1). However,

no obvious explanation can be proposed for this phenomenon.

The major finding of the present study was that the concentration of ATP in the mid-
proximal tubular lumen of Munich-Wistar rats was similar to that measured in
Sprague-Dawley rats and was considerably greater (4-5 fold) than that in the
glomerular filtrate. Comparison of the TF/Py, values at Bowman’s space and mid-
proximal convoluted tubule indicates that the fractional reabsorption of water between
the two puncture sites was approximately 25%, which cannot account for the marked
difference in ATP concentrations between the two sites. These data strongly suggest

that the proximal tubule secretes ATP into its lumen.

116



3.7 SECTION 7: Effect of (patho)physiological manoeuvres on

proximal tubular ATP concentrations in vivo

3.7.1 Introduction

In the following experiments, the pathophysiological manoeuvres of extracellular
volume expansion (achieved through the infusion of isotonic saline at a high rate) and
ischaemia (achieved by inducing haemorrhage via the femoral artery) were
performed. These experiments were conducted to identify changes in the intraluminal
concentration of ATP in the proximal tubule during these conditions. An important
feature of this study was that comparisons of tubular ATP concentrations between
control and pathophysiological states were made directly in the same rats, rather than
in a separate group of animals. Therefore, time-control experiments were also
conducted to assess any changes in ATP concentration in tubular fluid attributable to
time per se. Urinary excretion rates of water, Na' and K, tubular fluid flow rates,
and arterial blood pressure were also measured, to check that the expected

physiological changes occurred in response to these stimuli.

3.7.2 TIME-CONTROL STUDY
Time-control experiments were conducted to assess whether any significant
alterations to the intraluminal ATP concentrations occurred during the course of the

experiments. This was in order to determine whether any changes (or lack of them) in

ATP levels seen following pathophysiological stimuli were merely a variable of time.

3.7.2.1 Methods

Eight male Sprague-Dawley rats were anaesthetised and prepared surgically for

micropuncture in accordance with the protocol described above (see Section 3.2.2.1).
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Tubular fluid collections (n = 7-10; each collection lasting 4 min) were made from
mid-proximal tubules (as described above, see Section 3.3.2.1) over a one-hour period
and were pooled in 50 pl of ice-cold water and frozen immediately. Thirty minutes
later, further tubular fluid collections (n = 7-10; each collection lasting 4 min) from
the same region of (a different group of) proximal convoluted tubules were made over
a one-hour period and were pooled in a separate vial of ice-cold water and frozen
immediately. All tubular fluid pooled samples were later assayed for ATP (as
described above, see Section 3.3.2.2). Fig. 3.7.1 shows an outline of the experimental
protocol. Urine from the micropunctured and contralateral kidneys was collected
throughout the tubular fluid collections. The urine samples were then assayed for Na*

and K* content using the protocol described above in Section 3.2.2.4.

Mean arterial blood pressure (MABP) was also monitored throughout both control
periods via the cannulated right femoral artery connected to an electronic transducer
(Lectromed, Letchworth Garden City, UK). Arterial blood pressure was recorded on
a Macintosh LCII (Rothwell Group, Farnborough, UK) using MacLab peripheral and
Chart v3.3.5 software (AD Instruments, Hastings, Sussex, UK).

Anaesthesia Equilibration period intermediate End
(2hrs) period (30 min)

l E— — l
e
I— N S
Surgical preparation Tubular fluid Tubular fluid
for micropuncture collections for first collections for

control period (1hr) second control
period (1hr)

Fig. 3.7.1: Experimental protocol for time-control experiment

3.7.2.2 Results
() Urinary flow rate and Na* and K™ output

Table 7.3.1 shows urinary flow rate and Na® and K outputs from both
micropunctured and contralateral kidneys during both control periods. No significant
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change in urine flow rate or in Na' excretion was observed for either the
micropunctured or contralateral kidney between the two control periods. However, a
significant decrease in K" output was observed for both the micropunctured kidney
and the contralateral kidney during the second control period. None of these variables
differed between the micropunctured and contralateral kidneys, with the sole

exception of urine flow rate during the first control period (P = 0.024).

Control period 1 P Control period 2
Urine flow rate Micropuncture kidney 143 +43 0.160 9.2+23
(pV/min)
Contralateral kidney 19.4 + 6.1 0.270 16.2+5.3
Na' output Micropuncture kidney 29+0.5 0.462 2.8+0.5
(pmol/min)
Contralateral kidney 3.1+£06 0.756 32106
K" output Micropuncture kidney 1.3+0.1 0.004 09+0.1
(pmol/min)
Contraiateral kidney 1.2+0.1 0.040 09+0.1

Table 3.7.1: Urine flow rate and Na* and K" outputs in the micropunctured and
contralateral kidney during both control periods (means + SEM; n = 8).
(ii) Mean arterial blood pressure (MABP)

MABP was 110 + 4 mmHg during the first control period and 108 + 4 mmHg during
the second control period (NS).

(iii)  Tubular flow rates
Tubular flow rates in the mid-proximal tubule during the first and second control
periods were 31 + 4 nl/min and 32 + 3 nl/min (mean + SEM; n = 7), respectively (P =

0.7). These mean values were calculated from the average tubular flow rates per rat,

which were themselves derived from 7-10 collections.
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(iv)  Intraluminal ATP concentrations

Although there was considerable variation in proximal tubular ATP concentration (in
pooled samples) between animals, there was no systematic difference in ATP
concentration between the two collection periods. Proximal tubular ATP
concentration was 120 + 15 nmol/l (mean + SEM; n = 8) during the first control

period, and 125 + 17 nmol/l during the second control period (P = 0.63) (Fig. 3.7.2).

300 -

250 - NS

arp 200 /

concentration
(nM) 150 A %
100 A *— —@
50 7 o— P
0 T '
Control 1 Control 2

Fig. 3.7.2: Time controls: Intraluminal ATP concentrations in mid-proximal
convoluted tubule during the first control period (control 1) and during the second
control period 30-90 min later (control 2). Each point represents a single pooled
collection, made up of 7-10 samples. Values in each rat are linked by solid lines.

Means + SEM are also shown.
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3.7.2.3 Discussion

In these rats, Na* and water excretion rates were stable and comparable to those found
in earlier experiments. The blood pressure was also stable and well within the normal
range for Sprague-Dawley rats. Finally, despite considerable variation in proximal
tubular ATP concentration between animals, in a given animal the value changed very

little between the first and second control periods.

3.7.3 EXTRACELLULAR VOLUME EXPANSION

3.7.3.1 Introduction

Na" is the major solute of extracellular fluid. As such, it is also the major determinant
of extracellular fluid (ECF) osmolality; thus changes in Na" balance are almost
always associated with changes in ECF. It is because of this that increased Na*
consumption is generally associated with extracellular volume expansion (ECVE).
During this state, however, a number of physiological changes (including increased
GFR and urinary Na" and water output) occur in the kidney in an attempt to restore
euvolaemia. The mechanisms by which euvolaemia is achieved and the known
physiological changes that occur during ECVE are outlined below (extracted from
Koeppen and Stanton, 2001; Lote, 2000):

(1) Because of stimulation of atrial volume receptors, there is a reflex decrease in
renal sympathetic nerve activity. This leads to dilation of afferent and efferent
arterioles. Because the effect is greater in the afferent arteriole, the hydrostatic
pressure within the glomerular capillaries increases, causing a rise in GFR and an
increase in the filtered load of Na'. In addition, activation of sympathetic nerves
innervating the proximal tubule and Henle’s loop is known to stimulate Na'
reabsorption; therefore, the decreased sympathetic activity observed during ECVE

should also decrease Na* reabsorption in these regions of the nephron.
p P
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(i1) During ECVE, renin secretion is reduced (largely because of reduced sympathetic
nervous activity); consequently, angiotensin II levels are significantly reduced. A

reduction in angiotensin II production reduces NaCl reabsorption in the proximal

tubule.

(111) The increased hydrostatic pressure within the glomerular capillaries can also lead
to an increment of hydrostatic pressure in the peritubular capillaries. This alteration
in the Starling forces within capillaries results in reduced absorption of solutes
(including NaCl) and water from the lateral intercellular space, which ultimately acts

to reduce net tubular reabsorption along the proximal tubule.

(iv) Because of reduced angiotensin II concentrations, aldosterone levels are also
reduced during ECVE, resulting in reduced NaCl reabsorption in the thick ascending

limb of Henle’s loop and the distal tubule and collecting duct.

(v) In response to ECVE, dopamine, released from the cells of the proximal tubule,

also acts on the proximal tubule where it directly inhibits NaCl reabsorption.

(vi) Plasma atrial natriuretic peptide (ANP; released from the cardiac atria following
distension) and tubular urodilatin (secreted by the distal tubule and collecting duct)
levels are also increased during ECVE. Both ANP and urodilatin act on the
medullary regions of the collecting duct to inhibit NaCl reabsorption. ANP also acts

to inhibit the action of ADH-stimulated water reabsorption in the collecting duct.

The increased hydrostatic pressure within the peritubular capillaries, the increased
filtered load of Na' into the nephron, and the effects of reduced sympathetic nerve
activity and angiotensin II levels on the reabsorption of NaCl in the proximal tubule,
result in increased NaCl delivery to the distal segments of the nephron. This increase
in distal delivery not only overwhelms the reabsorptive capacity in these regions, but
in addition the hormonal and neuronal influences specifically targeting the loop of
Henle, distal tubule and collecting duct augment the increase in Na“ and water

excretion during ECVE, in an attempt to restore euvolaemia.
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Thus, in ECVE, the control of sodium excretion is not limited to the collecting duct
(as seen in the euvolaemic state), but rather it involves the entire nephron. As
indicated in the Introduction (see Section 2.4), ATP appears to have an inhibitory
action on solute reabsorption throughout the nephron. It seemed possible, therefore,
that an increase in intraluminal ATP concentration in the tubule might contribute to

the reduction in fractional reabsorption seen during ECVE.

The aim of the present study was to test this possibility by determining any changes in

the intraluminal ATP concentration in the proximal tubule during this state.

3.7.3.2 Methods

Eight male Sprague-Dawley rats were anaesthetised and prepared surgically for
micropuncture in accordance with the protocol described above (see Section 3.2.2.1).
Tubular fluid collections (n = 7-10; each collection lasting 4 min) were made from
mid-proximal tubules (as described above, see Section 3.3.2.1) over a one-hour period
and were pooled in 50 pul of ice-cold water and frozen immediately. The infusion rate
of the isotonic saline was then increased from 4ml/hr to 24ml/hr. After 30 minutes,
further tubular fluid collections (n = 7-10; each collection lasting 4 min) from the
same region of another set of proximal convoluted tubules were made and the samples
pooled in a separate vial of ice-cold water and frozen immediately. All tubular fluid
pooled samples were later assayed for ATP (as described above, see Section 3.3.2.2).
Fig. 3.7.3 shows an outline of the experimental protocol. Urine from the
micropunctured and contralateral kidneys was collected throughout the tubular fluid
collections. The urine samples were assayed for Na* and K content using the
protocol described above in Section 3.2.2.4. Mean arterial blood pressure (MABP)
was monitored throughout the control and experimental periods via the cannulated

right femoral artery (as described above, see Section 3.7.2.1).
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Increase infusion

A thesi rate from 4ml/hr
BRSNS First equilibration to 24 mi/hr End
l period (2hrs)
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e, e M
Surgical preparation Tubular fluid Second Tubular fluid
for micropuncture collections for equilibration collections for
control period (1hr) period experimental

Fig. 3.7.3: Experimental protocol for ECVE

3753 Results
(i) Urinary flow rate and Na" and K" output

Table 3.7.2 shows urinary flow rate and Na' and K’ outputs from both
micropunctured and contralateral kidneys during the control period and following
volume expansion. A significant increase in urine flow rate was observed in both the
micropunctured and contralateral kidney between the control period and ECVE.
Similarly, significant increases in Na* output were observed in the micropunctured
and contralateral kidneys. However, no significant change was observed in K* output

for either the micropunctured or contralateral kidney.

None of these variables differed between the micropunctured and contralateral

kidney, with the sole exception of urine flow rate during the control period (P =
0.022).
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Control period P ECVE
Urine flow rate Micropuncture kidney 153+5.2 <0.001 78.2+104
(ul/min)
Contralateral kidney 252+7.3 <0.001 100.4 + 10.1
Na' output Micropuncture kidney 3.0+0.7 0.001 142+1.6
(pmol/min)
Contralateral kidney 3.8+0.7 0.004 183+24
K" output Micropuncture kidney 1.1 £0.1 0.738 1.2+0.1
(pmol/min)
Contralateral kidney 1.2+0.1 0.476 1.3+0.2

Table 3.7.2: Urine flow rate and Na' and K" outputs in the micropunctured and
contralateral kidney during the control and experimental (ECVE) period (means +

SEM: n=7).

(ii)  Mean arterial blood pressure

MABP was 109 + 4 mmHg during the control period and 106 + 4 mmHg during
ECVE (NS).

(iii)  Tubular flow rates

The tubular flow rate in the mid-proximal tubule during the control period was 30 + 1
nl/min (mean + SEM; n = 8). Following ECVE, a significant increase (P < 0.01) in
tubular flow rate (36 + 2 nl/min) was observed. These mean values were calculated
from the average tubular flow rates per rat, which were themselves derived from 7-10
collections.

(iv)  Intraluminal ATP concentrations

Intraluminal ATP concentrations are shown in Fig. 3.7.4. The ATP concentration in

the proximal tubule during the control period was 168 + 15 nmol/l (mean + SEM; n =
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8). After volume expansion, the intraluminal ATP concentration in the same rats was
145 + 31 nmol/l. The difference in ATP concentration between control and ECVE
states was not statistically significant. (P = 0.541).

350 -
300 - NS
ATP 250 -
concentration
(nM) 200 -

i
\.
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Control Volume expansion

Fig. 3.7.4: Volume expansion: Intraluminal ATP concentrations in mid-proximal
convoluted tubule during the control period and during the period 30-90 min after the
start of an intravenous saline infusion of 24 ml/min (“volume expansion”). Each
point represents a single pooled collection, made up of 7-10 samples. Values in each

rat are linked by solid lines. Means + SEM are also shown.

3.7.34 Discussion

Given that ATP can have an inhibitory effect on solute reabsorption, it might be
expected to act as a signalling molecule to promote/augment a natriuretic response.
Furthermore, previous studies have reported that ATP release is increased

significantly following mechanical/shear-stress stimulation in endothelial and
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epithelial cell lines (Bodin and Burnstock, 2001; Guyot and Hanrahan, 2002; Srinivas
et al, 2002). In this context, increased tubular flow rates following ECVE might be
expected to increase the intraluminal pressure in the proximal tubule sufficiently to

mechanically stimulate the release of ATP from tubular epithelial cells.

In the present study, a natriuretic effect was observed when the rats were exposed to
ECVE, indicating that both the micropunctured and contralateral kidneys responded
to the physiological change. In addition, tubular flow rates increased significantly
(presumably resulting from increased GFR and decreased tubular solute and water
reabsorption). However, despite this normal physiological response, there was no
significant change in intraluminal ATP concentration in the proximal tubule following

volume expansion.

The most obvious conclusion from these findings is that stimulation of ATP release
does not occur during ECVE and that ATP has no role to play in the observed
natriuresis. Before dismissing such a role, however, the possibility should be
considered that an increased release of ATP during ECVE might have been masked
by the concomitant release of soluble nucleotidases originating from the same or
adjacent cells. An example of this phenomenon has been demonstrated in
postganglionic sympathetic nerves isolated from the vas deferens in the guinea-pig,
where stimulation of the nerve evokes the concomitant release not only of ATP and
noradrenaline, but also of soluble nucleotidases (Kennedy et al, 1997). The same
group has also demonstrated that stimulated nerves were able to degrade exogenously
applied ATP at a higher rate than could non-stimulated nerves. The soluble enzymes
released from stimulated nerves have not been identified. However, at least two
enzymes are believed to be involved: an ATPase (possibly a C- and N-terminal
truncated form of a NTPDase family member) and an AMPase that closely resembles
ecto-5’-nucleotidase (Westfall et al, 2002; Mihaylova-Todorova et al, 2002).
Similarly, non-neuronal cells, such as vascular endothelial cells, have also been
shown to release soluble nucleotidase and ATP concomitantly when exposed to shear

stress stimuli (Yegutkin et al, 2000).
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3.7.4 HAEMORRHAGIC HYPOTENSION

3.7.4.1 Introduction

During severe haemorrhage there are significant reductions in MABP and
extracellular volume (ECV). These are accompanied by reductions in GFR and
urinary excretion rates. As with ECVE, the renal changes are induced by volume (and
pressure) sensors that detect the fall in ECV and, through various signalling and
hormonal cascades, elicit responses opposite to those observed during ECVE, as

outlined below:

Increased renal sympathetic activity, which induces constriction in the afferent and (to
a lesser extent) the efferent arteriole, results in partial renal ischaemia and a reduction
in the hydrostatic pressure in the glomerular capillaries, causing GFR and the filtered
load of Na* to fall. The reduced filtered load of Na* causes a reduction in the amount
of Na' delivered to the distal regions of the nephron. Increased sympathetic nerve
activity and aldosterone levels will also stimulate Na' reabsorption in the thick
ascending limb of Henle’s loop, distal tubule and collecting duct. The rise in
aldosterone levels, together with the absence of ANP and urodilatin, causes the small
amount of Na" delivered to the collecting duct to be virtually all reabsorbed in this
region of the nephron. ADH levels also increase in response to haemorrhage, which
enhances water reabsorption in the collecting duct. In addition to these responses,
fractional proximal reabsorption would be expected to be enhanced due to the
increased renal sympathetic nerve activity and increased angiotensin II levels.
However, direct micropuncture studies show this to be the case only for a very limited
period after haemorrhage (Shirley and Walter, 1995). This suggests that the
stimulatory effects of these systems are offset by an inhibitory effect of unknown

source.
Because intraluminal ATP has been shown to have an inhibitory effect on solute

transport (Section 2.4), it has been proposed that a rise in luminal ATP concentration

may occur during renal ischaemia in an attempt to inhibit energy-consuming transport
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processes (Leipziger, 2003). This proposal is strengthened by the above observation
that fractional proximal reabsorption is little affected after haemorrhage. The present
study was therefore conducted to test the hypothesis that partial renal ischaemia

following haemorrhagic hypotension leads to increased intraluminal ATP

concentrations.

3742 Methods

Eight male Sprague-Dawley rats were anaesthetised and prepared surgically for
micropuncture in accordance with the protocol described above (see Section 3.2.2.1).
Tubular fluid collections (n = 7-10; each collection lasting 4 min) were made from the
mid-proximal tubule (as described above, see Section 3.3.2.1) over a one-hour period
and were pooled in 50ul of ice-cold water and frozen. Immediately after this control
period, the rat was bled 15 ml/kg of its body weight via the femoral artery catheter
and then given a partial recovery period of 30 minutes. Mid-proximal tubular fluid
collections were then made (n = 7-10, each collection lasting 4 mins) from another set
of proximal convoluted tubules and the samples pooled in a separate vial of ice-cold
water and frozen. All tubular fluid pooled samples were later assayed for ATP (as
described above, see Section 3.3.2.2). Fig. 3.7.5 shows an outline of the experimental
protocol. Urine from the micropunctured and contralateral kidneys was collected
throughout the tubular fluid collections. The urine samples were assayed for Na' and
K" content using the protocol described above in Section 3.2.2.4. MABP was also
monitored (as described above see Section 3.7.2.1) throughout the control and

experimental periods.

Bled rat from
femoral artery
Anaesthesia First equilibration 16ml/kg End
l period (2hrs)
e T e -1 A et e Vg S 5.0 et et s 1 OO L e e o e
Surgical preparation Tubular fluid Second Tubular fluid
for micropuncture collections for equilibration collections for

control period (1hr) period (30 min) experimental period
(haemorrhage) (1hr)

Fig. 3.7.5: Experimental protocol for hypotensive haemorrhage
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3.74.3 Results
(i) Urinary flow rate and Na* and K" output

Table 3.7.3 shows urinary flow rate and Na' and K' outputs from both
micropunctured and contralateral kidneys during the control period and following
haemorrhage. A significant decrease in urine flow rate was observed in both the
micropunctured and contralateral kidneys between the control and experimental
periods. Similarly, a significant decrease in Na’ output was observed in the
micropunctured and contralateral kidneys. However, no significant change was

observed in K* output for either the micropunctured or contralateral kidney.

There were no significant differences in these variables between the micropunctured
and contralateral kidney, with two exceptions: urine flow rate during the experimental

period (P = 0.033) and Na" output during the control period (P = 0.026).

Control period P Haemorrhage

Urine flow rate Micropuncture kidney 19.4 +6.2 0.032 4.1+1.2
output (ul/min)

Contralateral kidney 24.1+0.5 0.014 52+13
Na'* output Micropuncture kidney 27+04 0.009 0.6+0.2
(pmol/min)

Contralateral kidney 3.5£05 0.010 1.0+03
K" output Micropuncture kidney 1.4+03 0.182 0.8+0.1
(pmol/min)

Contralateral kidney 1.2+0.1 0.261 1.0+0.1

Table 3.7.3: Urine flow rate and Na' and K* outputs in the micropunctured and
contralateral kidney during the control and experimental (haemorrhage) periods
(means + SEM; n = 6).
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(ii) Mean arterial blood pressure

In rats subjected to haemorrhage (15 ml/kg), MABP was 112 + 4 mmHg during the
control period, fell significantly to 42 + 3 mmHg immediately after bleeding, and
recovered partially to 92 + 2 mmHg during the period 30-90 min after bleeding

(experimental period).

(iii)  Tubular flow rates

The tubular flow rate in the mid-proximal tubule during the control period was 34 + 2
nl/min (mean + SEM; n = 8). Following haemorrhage, a significant decrease (P <
0.001) in mid-proximal tubular flow rate (17 + 2 nl/min) was observed. These mean
values were calculated from the average tubular flow rates per rat, which were

themselves derived from 7-10 collections.

(iv)  Intraluminal ATP concentrations

Intraluminal ATP concentration in the proximal tubule during the control period was
120 + 22 nmoV/l (mean + SEM; n = 8). During the experimental period, intraluminal
ATP concentration was 153 + 38 nmol/l (Fig. 3.7.6). Although in two animals the
post-haemorrhage ATP concentration was strikingly higher than the pre-haemorrhage
value, taking the group as a whole there was no statistically significant effect (P =

0.412 ) on intraluminal ATP concentration.
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Fig. 3.7.6: Hypotensive haemorrhage: Intraluminal ATP concentrations in mid-
proximal convoluted tubule during the control period and during the period 30-90 min
after a blood loss of 15 ml/kg (“haemorrhage”). Each point represents a single pooled
collection, made up of 7-10 samples. Values in each rat are linked by solid lines.

Means + SEM are also shown.

3.7.4.4 Discussion

There is evidence that ischaemia induces ATP release in a number of non-renal
tissues (Dutta et al, 2004), and it has been proposed that intraluminal ATP serves to
protect the renal tubular epithelium under ischaemic conditions by inhibiting energy-
consuming transport processes (Leipziger, 2003). Moreover, Kribben et al (2003)
examined the effect of ATP on hypoxia-induced injury in freshly isolated rat renal
proximal tubules and concluded that the addition of stable ATP analogues reduced the
extent of cellular damage. Using the agonists ATPyS and 2-MeSATP, the same
report suggested that the protective effects of ATP were mediated by a member of the
P2Y family, although the mechanism by which P2Y receptor activation protects the
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cell remains unknown. Furthermore, Paller et al (1998) reported the beneficial effects
of ATP in promoting new DNA synthesis and augmenting the expression of genes
(namely, c-fos and c-jun) critical to cell proliferation when given shortly after

ischaemia, suggesting that ATP contributes to cell regeneration in this situation.

The above in vitro studies indicate that ATP may have a protective role during
ischaemia and/or may contribute to cell regeneration after hypoxia. In this context, it
has been shown that the partial renal ischaemia that follows haemorrhage has little
effect on fractional proximal tubular reabsorption despite enhanced activity of the
renal sympathetic nerves and the renin-angiotensin system (Shirley and Walter, 1995).
A plausible explanation is that the stimulatory effects of these systems are offset by an
inhibitory effect of unknown source; possibly ATP. The question then arises: is ATP
release into the intraluminal environment of the tubule increased during this

condition?

In the present study, significant reductions in MABP, tubular flow rate and urinary
Na’ and water output were observed during hypotensive haemorrhage. These
observations are consistent with normal responses to haemorrhage, which are
effectively orchestrated by hormonal and neuronal activity (as described in the
Introduction). The above observations indicate that the degree of haemorrhage used
in the present study was sufficient to incite the physiological cascade of events
expected to occur after haemorrhage. Thus, it is believed that an adequate stimulus
was given for the potential release of ATP into the tubular lumen. However, although
hypotensive haemorrhage appeared to cause a marked increase in intratubular ATP
concentration in two animals (contrasting with the stability seen in time controls), in
the group as a whole there was no statistically significant change. One possible
explanation for the lack of change in intraluminal ATP concentration in the present
study might be an instantaneous or short-duration release of ATP following
haemorrhage. Tubular fluid was taken 30-90 minutes after haemorrhage (the earliest
time in which tubular fluid could feasibly be taken following a bleed of this volume).
Thus, intraluminal ATP concentrations might have normalized by the time tubular
samples were taken. Alternatively, the release of ATP and subsequent rise in
intraluminal ATP concentration may have been ‘masked’ through the concomitant

release of soluble nucleotidases, as discussed for the volume expansion study.
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3.8 SECTION 8: Summary and conclusions

In the present study, the concentration of ATP in proximal tubular fluid was found to
average ~ 150 nmol/l. Although the concentration of ATP did not vary significantly
between the early, mid and late regions of the S2 segment, ATP levels in distal
tubular fluid (~ 30 nmol/l) were found to be consistently and significantly lower than

those found in proximal tubular fluid.

Owing to the presence of (soluble and membrane-bound) nucleotidases (Beliveau et al
1983; Gandhi et al 1990; Kishore et al 2005; see Chapter 5 and Section 5), the ATP
concentrations measured in the present study are likely to underestimate significantly
those in the tubular micro-environment. Although membrane-bound nucleotidase
activity could not be assessed, due to inaccessibility of the cell surface in vivo and
lack of effective ectonucleotidase inhibitors, soluble nucleotidase activity was
assessed by incubating an excess of exogenous ATP for varying time periods in
collected proximal and distal tubular fluid. These experiments not only showed that
soluble nucleotidases were active in proximal and distal tubular fluid, but that these
enzymes caused similar rates of hydrolysis for ATP in the two regions of the nephron

(16 and 15 fmol/min respectively).

When the half-life of endogenous ATP was assessed in proximal tubular fluid (by
varying the duration of tubular fluid collections), ATP concentration fell
exponentially as “processing time” increased and the half-life was found to be 3.4
min. Extrapolation back to zero time (i.e. before any degradation by soluble
nucleotidases had occurred) gave a value of 275 nmol/l. Because of the presence of
ectonucleotidases, it is highly likely that the concentration of ATP immediately in the
vicinity of apical P2 receptors may be substantially higher than those measurable with

the present methodology.

Nevertheless, ATP levels in the proximal and distal tubules were measurable. The
next question addressed was the source of this luminal ATP. Was it merely filtered at
the glomerulus or was it secreted by the proximal tubular cells? Experiments

performed on Munich-Wistar rats showed that the ATP concentration in mid-proximal
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tubule was, on average, more than 4-fold higher than that in Bowman’s space. The
modest fractional water reabsorption between the two sites (as indicated by TF/Py,
measurements) could not account for this increase in ATP concentration, strongly
suggesting that the proximal tubule secretes it into the lumen. Although the
mechanism by which ATP secretion occurs in tubular epithelial cells is unknown,

several possibilities exist; these will be discussed in the next chapter.

In any study of this nature, care must be taken to exclude possible artifacts and
potential sources of contamination. It could be argued, for example, that disturbances
of intraluminal pressure caused by the oil column distal to the point of collection
might induce mechanical stress and stimulate ATP release by the proximal tubular
cells, or that damage to the tubular cells caused by insertion of the collection pipette
might itself lead to release of intracellular ATP into the lumen. More fundamentally,
contamination of the pipette tip by ATP as the pipette traverses the tubular cells might
also lead to artifactual intraluminal ATP concentrations (intracellular ATP
concentrations being several orders of magnitude greater than those measured in the
lumen). These possibilities were all assessed and no difference in luminal ATP
concentrations were found whether or not an oil block was used, nor when a 4-min
delay was interposed between insertion of the pipette and initiation of collection.
Clearly, any pulse of ATP released on insertion of the pipette must have been washed
away/metabolized within seconds, before tubular fluid collections began. Finally,
some experiments in which a pipette was repeatedly inserted into a number of tubules
were performed, but without tubular fluid collection, and the pipette tip then washed
in de-ionized water. No trace of ATP could be detected. In conclusion, it can be
assumed that the ATP measured in the proximal tubular lumen was not simply a
consequence of the experimental manipulations employed. Parenthetically, the fact
that lower ATP concentrations were measured in the distal tubule (and in Bowman’s
space) is further circumstantial evidence that the intraluminal ATP levels found in the
proximal tubule in the present investigation were not simply the consequence of

injury-induced release of ATP.

Finally, an attempt was made to address the question of whether intratubular ATP
concentrations are altered by (patho)physiological manoeuvres that affect tubular

reabsorptive processes. Given the inhibitory effects of intraluminal nucleotides on

135



tubular reabsorption (see Section 2.4), it could be speculated that the reduction in
fractional proximal reabsorption that accompanies acute volume expansion might
result partly from enhanced ATP secretion. However, despite a marked natriuresis and
significant increase in mid-proximal tubular flow rate, volume expansion had no
systematic effect on measured intratubular ATP concentrations. Another situation in
which ATP secretion might be expected to increase is renal ischaemia, where it has
been proposed that intraluminal ATP might serve to protect the renal tubular
epithelium under ischaemic conditions by inhibiting energy-consuming transport
processes (Leipziger, 2003). In the event, although hypotensive haemorrhage
appeared to cause a marked increase in intratubular ATP concentration in two animals
(contrasting with the stability seen in time controls), in the group as a whole there was

no statistically significant change.

Although at first glance these negative findings suggest that proximal tubular ATP
release is “constitutive”, lacking physiological control, there is some evidence that
such a view may be over-simplistic. Individually, there did appear to be a greater
variation in intratubular ATP concentration amongst the rats that were exposed to
ECVE or haemorrhage than seen either in the same rats before the manoeuvre or in
time controls. Although there is no ready explanation for this observation, there are at
least two possibilities arising from the multifactorial physiological changes associated
with ECVE or haemorrhage. The first is that ATP secretion may have been affected
to differing extents between animals. The second possibility is that ATP
concentrations in glomerular plasma, and therefore in glomerular filtrate, varied
considerably between animals. This possibility was assessed in a separate group of
Munich-Wistar rats (n = 6) subjected to haemorrhage (data not shown). Similar results
were obtained to those seen in Sprague-Dawley rats, i.e., no significant haemorrhage-
induced change in proximal tubular ATP concentration, with a wide spread of post-
haemorrhage values. However, there was no correlation between ATP concentrations
in Bowman’s space and proximal tubules; indeed, in only one animal did the ATP

concentration in Bowman’s space alter after haemorrhage.

The overall lack of change in ATP concentration following ECVE or haemorrhage
may involve variation in the activity of nucleotidases to ultimately ‘mask’ the release

of additional ATP. This has been demonstrated in guinea-pig vas deferens, where
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stimulation of sympathetic nerves evokes the release not only of ATP but also of
soluble nucleotidases (Mihaylova-Todorova, 2001); a similar phenomenon has been
described when vascular endothelial cells are exposed to shear stress (Yegutkin et al,
2000). It is therefore feasible that enhanced ATP release during these
pathophysiological manoeuvres could have been masked by its immediate partial
degradation by both ecto- and soluble nucleotidases. In this context, it should be
noted that the inhibitory effects of apically applied nucleotide on proximal tubular
NHES3 activity (Bailey, 2004) and Na'K*ATPase (Jin and Hopfer, 1997) are mediated
by the P2Y, receptor subtype, which has a much greater sensitivity to ADP than to
ATP (King and Townsend-Nicholson, 2003). It would make physiological sense,
therefore, for locally released ATP to be rapidly converted to its diphosphate form.
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CHAPTER 4

VESICULAR STORAGE AND RELEASE OF ATPIN A
RAT PROXIMAL TUBULE CELL LINE
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4.1 Introduction

As indicated in earlier chapters, the physiological release of ATP from healthy, intact
cells is increasingly being recognised. The debate now lies in the mechanism by
which ATP is transported, as a molecule the size and charge of ATP cannot cross the
cell membrane by simple diffusion, despite there being a highly favourable
electrochemical gradient (Bodin and Burnstock, 2001). Various mechanisms by
which ATP is released from cells have been proposed. These include transport via
ATP binding cassette (ABC) proteins, which include CFTR and the MDR-1 gene
product P-glycoprotein; connexin hemichannels; large anion channels; and exocytotic

vesicular release.

As far as the renal tubule is concerned, previous in vitro studies have demonstrated
ATP secretion by renal epithelial cells (Wilson et al, 1999) and the previous chapter
confirmed this in vivo. However, to date, the only study of the mechanism(s) of ATP
secretion in the tubule has been in the macula densa, where maxi-anion channels
mediate its release across the basolateral membrane (Bell et al, 2003). It is important
to note that the mechanisms of ATP transport may differ not only between various

cell types but also between apical and basolateral membranes.

4.1.2 ATP binding cassette (ABC) transporters

ABC transporters are a superfamily of transport proteins, thought to bind and/or
hydrolyze ATP intrinsically. Various workers have speculated that members of the
ABC family, in particular the CFTR and the product of the MDR-1 gene, P-
glycoprotein, are involved in ATP transport across the cell membrane. Both
structures have 12 alpha-helical transmembrane domains, with intracellular N- and C-
termini and two intracellular nucleotide binding folds/domains involved in nucleotide

hydrolysis to provide the driving force required for substrate transport.

(i) Cystic fibrosis transmembrane regulator

CFTR is a chloride channel found predominantly on the apical membrane of secretory
and absorptive epithelia. Mutations in this transporter result in defective chloride

secretion, causing cystic fibrosis (CF). Its mRNA has been detected in all segments
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of the nephron, and at the protein level the transporter has been found in the proximal
tubule, the distal convoluted tubule, the cortical collecting duct (restricted to principal
cells) and the inner medullary collecting duct (Morales et al, 2000). Despite its high
expression in the kidney, patients with CF display no major renal dysfunction: they
have enhanced proximal tubular reabsorption and a decreased capacity to dilute and
concentrate urine (Morales et al, 2000). In addition to chloride transport, a number of
studies using CFTR-transfected membrane preparations and patch clamp techniques
have implicated CFTR in ATP transport in a variety of cell lines (Reisin et al, 1994,
Cantiello, 2001). However, other studies, using CFTR-transfected and CFTR-free
cell lines, reported no significant difference in ATP release between the two
preparations; furthermore, inhibitors of CFTR (such as glibenclamide) appeared to
have no effect on ATP release (Reddy et al, 1996, Sabirov et al, 2001; Dutta et al,
2004). In addition, the estimated maximum pore size of the CFTR channel was
reported to be 1.38nm in diameter, which is similar to the diameter of an ATP anion
(1.16 — 1.30nm), thus questioning the feasibility of ATP movement through this
channel (Sabirov and Okada, 2004). An alternative suggestion is that CFTR is not an
ATP channel itself but might regulate a separate ATP-permeable channel (Sugita et
al, 1998), possibly a plasma membrane form of a voltage-dependent anion channel
(pl-VDAC) (see below); in this context, CFTR and pl-VDAC have been shown to
colocalize, but the mechanism by which CFTR might regulate this channel is
unknown (Reymann et al, 1995).

(ii)  P-Glycoprotein

Another candidate for ATP transport is the MDR-1 gene product, P-glycoprotein,
which conventionally transports hydrophobic drugs and has also been implicated in
the regulation of CI” channel transport. In the rat, MDR-1 mRNA has been detected
in the glomeruli, proximal tubules, thin limbs of Henle’s loop, cortical and medullary
thick ascending limbs, and inner medullary collecting ducts; its abundance was 35%
less in the renal cortex than in the medulla (Morales et al, 2000). At the protein level,
P-glycoprotein was expressed in the glomerular mesangium, the proximal tubule, the
thick ascending limb of Henle’s loop and the collecting ducts (Ernest et al, 1997).
Studies in other polarized epithelial cells suggest that the expression of P-glycoprotein
is localized to the apical membrane (Borst et al, 1999). It has been shown that over-

expression or transfection of the MDR-1 protein into NIH 3T3 cells (a fibroblast cell
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line derived from the mouse) and CHO cells transiently increases ATP release several
fold; and that single amino acid substitution at the nucleotide binding site blocks this
effect (Roman et al, 2001; Cantiello, 2001). Furthermore, Roman et al (2001)
demonstrated that non-selective MDR-1 inhibitors, such as verapamil and
cyclosporine, significantly attenuated ATP release. These results suggest that this
protein is involved in ATP release. However, the latter group also demonstrated that
alteration of the MDR-1 substrate specificity by mutation of the MDR-1 protein had
no effect on ATP release, and concluded that MDR-1 is not likely to function as an
ATP channel but instead may act as a regulator/modulator of other ATP release

mechanisms.

4.1.2 Large-conductance anion channels/maxi-anion channels

At physiological pH, most intracellular ATP is present in anionic form (Okada et al,
2004). Therefore it is plausible that large-conductance anion channels, or maxi-anion
channels, are involved in the conductance of ATP across the plasma membrane.
Maxi-anion channels comprise a variety of anion channels, such as the volume-
sensitive outwardly rectifying (VSOR) anion channel and the voltage-dependent
anion channel (VDAC) (as well as CFTR — see above). Due to the lack of selective
inhibitors of these channels, distinguishing between them has not always been

feasible.

Maxi-anion channels have been implicated in ATP transport in a number of cell types.
Studies performed on a mammary cell line (C127i cells) (Sabirov et al, 2001) and on
primary cultures of neonatal cardiomyocytes (Dutta et al, 2004) showed that maxi-
anion channel blockers, namely 5-nitro-2-(3-phenylpropylamino)-benzoate (NPPB),
4-acetamido-4'-isothiocyanostilbene (SITS) and Gd** significantly inhibited ATP
release from these cells following hypotonic stimulation; but that the CFTR blocker
glibenclamide had no effect on ATP release. With respect to the kidney, Bell and
colleagues (2003) reported that macula densa cells also expressed Gd**-inhibitable
maxi-anion channels, which were shown to transport ATP across the basolateral
membrane in response to increased luminal NaCl concentrations. These channels are
therefore strongly implicated in the transduction of signals from the macula densa to
the adjacent afferent arteriole and mesangial cells during the TGF response (see

Section 1.2.2).
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Using various inhibitors (namely verapamil, tamoxifen and fluoxetine) of the VSOR
anion channel, Hisadome and colleagues (2002) implicated this channel in the release
of ATP from primary cultures of bovine aorta endothelial cells. However, Ternovsky
et al (2002) reported the pore radius of this channel to be 0.63nm, which would make
the transport of ATP (which, as indicated above, has a radius of 0.58 — 0.65nm)
theoretically difficult, although not impossible. Furthermore, Hazama et al (1999)
reported that no significant reduction in ATP release occurred when either
glibenclamide or arachidonate (non-specific inhibitors of VSOR anion channels) was
used on an epithelial cell line of the human intestine, suggesting that this channel does
not mediate ATP release in this epithelium. A similar finding was made using a

murine mammary cell line (Hazama et al, 2000).

Voltage-dependent anion channels (VDAC) are porins in the outer mitochondrial
membrane, where they are believed to transport purine nucleotides such as ATP and
ADP. A variant of the first exon in the VDAC-1 gene was first identified in the
mouse. This variant of the VDAC-1 gene, having a ‘signal’ peptide at its N-terminus,
enables the porin protein to be targeted to the plasma membrane via the Golgi
apparatus; the signal peptide is eventually cleaved away to produce a plasmalemmal
VDAC (pl-VDAC) protein that is identical to the mitochondrial one (Sabirov and
Okada, 2004). These pl-VDAC porins have been implicated in mediating ATP
translocation across the cell membrane. One study, using NIH 3T3 cells, reported that
ATP release in response to hypotonic shock was significantly higher in cells
transfected with pl-VDAC-1 than in non-transfected cells (Okada et al, 2004).
Similarly, ATP release was significantly lower from fibroblasts isolated from VDAC-
1 knockout mice compared with wild-type mice. These results suggest that this
channel contributes to ATP release in murine cells. However, the fact that a
significant amount of ATP was still released from VDAC-1 knockout cells following
hypotonic stimuli suggests that this channel is not the only mechanism of ATP release
(Okada et al, 2004). Recent electrophysiological studies have suggested that a maxi-
anion channel (possibly VDAC) may exist in the macula densa (as indicated above)
and also in rabbit cortical collecting duct (Okada et al, 2004). However, the role of
maxi-anion channels in the translocation of ATP in the latter cells has not been

examined.
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4.1.3 Connexin hemichannels

Gap junctions are intercellular contacts between plasma membranes of adjacent cells.
They mediate the passage of ions and small molecules through a narrow hydrophilic
core connecting the cytoplasm of the two cells. Formation of the gap junction
involves each of the neighbouring cells contributing half of the intercellular channel;
each moiety, known as a hemichannel or connexon (itself made up of connexin sub-
units), migrates to the plasma membrane and eventually associates with its opposite
number in the narrow space between adjacent plasma membranes. In addition to
constituting the gap junctions, hemichannels or connexons are also functional as
single subunits, displaying permeability to small molecules (<1 KDa) (Bahima et al,
2005).

In vitro evidence suggests that hemichannels are permeable to ATP, as cells
transfected with connexins (specifically connexins 26, 32, 38 and 43) showed a
marked increase in the level of ATP released compared with non-transfected cells
(Cotrina et al, 1998; Bahima et al, 2005). Moreover, in most cases release of ATP
was significantly reduced by the application of connexin channel blockers such as
flufenamic acid and octanol (Bahima et al, 2005; Stout et al, 2004).

Immunohistochemical studies have shown the expression of connexin 32 (Cx32) in
both foetal and adult kidneys in hamsters, localized on the lateral cell membrane of
the cells lining the developing and adult proximal tubules. No immunopositive
staining for Cx32 was observed in the distal or collecting tubules (Udaka et al, 1995).
Other connexins found in the (mouse) kidney include Cx45, localised to the glomeruli

and distal tubule, and Cx26, in the proximal tubule (Butterweck et al, 1994).

It is worth noting that whilst these channels may be plausible candidates for ATP
translocation across the cell membrane, their large pore size and lack of specificity
begs the question of the consequences of the activation of such channels, in that they
could rapidly cause dramatic and potentially detrimental changes in cytoplasmic ionic
concentrations. If these channels were involved in ATP translocation across the cell

membrane, their activity must be highly regulated.
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4.1.4 Exocytotic release of ATP

Rather than use one of the above transporters/channels, there is evidence that in a
variety of situations ATP may traverse the cell membrane via the release of
intracellular stores of ATP from acinar vesicles or secretory granules. Exocytotic
release of ATP has been more commonly reported in excitable tissues such as
neuronal cells, where the storage and release of ATP occurs in conjunction with
neurotransmitters such as acetylcholine and noradrenaline from sympathetic neurones
(Van der Kloot, 2003; Silinsky and Redman, 1996; Burnstock and Knight, 2004).

However, vesicular release of ATP has also been demonstrated in non-neuronal cells.

414.1 Quinacrine and its interaction with ATP

The antimalarial drug quinacrine (Fig. 4.1) has a high affinity for ATP (Irvin and
Irvin, 1954) which, upon binding, fluoresces under exposure to UV light. Many
studies have made use of these properties by incubating a variety of cells, including
human endothelial cells (Bodin and Burnstock, 2001), guinea pig inner ear cells
(Suzuki et al, 1997), ocular ciliary epithelial cells (Mitchell et al, 1998) and rat
pancreatic acinar cells (Sorensen and Novak, 2001) with quinacrine for labelling
intracellular stores of ATP. In all these studies, granular-like fluorescent staining was
found in the cytoplasm. Moreover, many of the above studies also reported reduced
granular fluorescence together with marked increases in extracellular ATP, in
response to various stimuli, providing evidence for vesicular release of ATP from

these cells.
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Quinacrine

Fig. 4.1: Molecular structure of the anti-malarial drug quinacrine, used to visualize

intracellular stores of ATP.
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In one of the above studies, granular staining in the cytoplasm of endothelial cells was
found to be reduced when cells were pre-incubated with the drug monensin, which
prevents vesicle formation at the Golgi apparatus; this decrease in fluorescence was
associated with a significant reduction in ATP release (compared with controls)
following shear-stress stimulation (Bodin and Burnstock, 2001). In the same study,
cells incubated with the drug N-ethylmaleimide (NEM), which inhibits the docking of
vesicles to the plasma membrane, showed abundant granular fluorescence, and low
extracellular ATP levels following shear-stress/mechanical stimulation. These results
strongly suggest that release of ATP from these cells was indeed mediated via

vesicles.

Other studies have used hypotonic shock or mechanical stimulation, rather than shear-
stress, to elicit ATP secretion. In each case it is hypothesized that distortion of the
plasma membrane leads to activation of stretch-sensitive channels that may ultimately
lead to ATP release (Wang et al, 1996).

4.1.6 Aim of the present study

To date, no study has examined intracellular stores or vesicular release of ATP in
renal epithelial cells. The present investigation has therefore used quinacrine to
visualise intracellular stores of ATP in an immortalized proximal tubular cell line
(WKPT-0293). This cell line was originally derived from the S1 segment of the
proximal tubule of Wistar-Kyoto rats by Woost et al (1996). These cells, which have
numerous mitochondria, rough and smooth endoplasmic reticulum, Golgi apparati and
clathrin-coated vesicles, also display similar features to proximal cells such as tight
junctional complexes and convolutions in basolateral membranes forming
intracellular spaces. The cells absorb sodium, a process that was shown to be
angiotensin II sensitive; they possess an apical Na'/H" exchanger; and they actively
absorb succinate via an apical sodium-dicarboxylate co-transporter (3Na" to 1
dicarboxylate coupling ratio). They continue to thrive in a glucose-free environment,

demonstrating their ability for gluconeogenesis (Woost et al, 1996).

In addition to visualizing intracellular stores of ATP using quinacrine, an attempt was
made to induce ATP release from the same cells using hypotonic shock as a stimulus.

By directly comparing extracellular ATP levels and intracellular stores of ATP under
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control conditions and hypotonic conditions, the possibility that ATP is stored in

vesicles and released via exocytosis in this cell line was investigated.

4.2 Methods
4.2.1 Cell culture

Immortalized cells (WKPT-0293 C1.2) derived from the S1 segment of the proximal
tubule of normotensive Wistar-Kyoto rats were cultured as described by Woost et al
(1996). These cells were maintained and grown as monolayers in Dulbecco’s
modified Eagle’s medium (DMEM) nutrient mixture F-12 (1:1) (GibCo, Paisley, UK)
supplemented with: foetal bovine serum (FBS) 10%; penicillin (100 units/ml);
streptomycin  (100pg/ml) (GibCo, Paisley, UK); NaHCO; (1.2mg/ml); insulin
(5ug/ml) (Sigma, Poole, UK), dexamethasone (4ug/ml) (Sigma, Poole, UK),
epidermal growth factor (0.01pg/ml) (Sigma, Poole, UK) and apo-transferrin
(S5pug/ml) (Sigma, Poole, UK) in 25cm? standard tissue flasks at 37°C in a humidified
incubator with 5% C0O,/95% air.

Upon reaching confluence, cells were passaged twice per week. Cell growth media
were discarded and cells were submerged in 1 x trypsin-EDTA (Sigma, Poole, UK)
for 10 min at 37°C. Once cells were successfully suspended, culture medium was
added to dilute the trypsin solution 1/5. Cells were then spun for 2 min at 1200 rpm
in a sterile tube, the supernatant discarded and seeded at 1:10 or 1:20 dilutions, into
25¢m? standard tissue flasks and sterile Falcon petri-dishes, respectively. All media

and solutions introduced to cells were preheated to 37°C in a water bath.

4.2.2 Incubation of cells in isotonic or hypotonic solution

Cells grown to confluence in sterile Falcon dishes were rinsed in Dulbecco-phosphate
buffered saline (D-PBS) (Sigma, Poole, UK). Cultures were then incubated with 1 ml
of either ‘isotonic’ (280 mosmol/kg H,0) or hypotonic (140 mosmol/kg H,O) D-PBS
for 15 min at 37°C. The osmolality of the buffers had been previously confirmed
using a cryoscopic osmometer. Although the cell numbers used varied between each

set of experiments (since the number of cells seeded varied), for any given experiment

146



(where isotonic and hypotonic incubations were directly compared), the number of
cells was approximately the same. This was because, for a given experiment,
following re-suspension of cells from a single tissue flask, the volume aliquoted ( and
therefore the number of cells seeded) into the two Falcon dishes was identical. In
addition, the cells grew to confluence for the same time period and under identical

conditions.

During incubation, 50ul samples of the medium were taken at 1, 5 and 15 min,
immediately centrifuged, and the supernatant transferred to fresh vials. These vials
were immediately snap frozen in liquid nitrogen and kept frozen at -80°C for later

determination of ATP content using the luciferin-luciferase assay.

4.2.3 Quinacrine fluorescence studies

Immediately after the 15 min incubation period with isotonic or hypotonic D-PBS, the
same cells were incubated with quinacrine (2mmol/l) in isotonic D-PBS for 10 min at
room temperature. The cells were then rinsed with isotonic D-PBS, viewed with a
microscope (Zeiss Axioplan, Oberkochen, Germany) fitted with a ‘FITC’ filter, and
photographed (Leica DC200; Leica, Heerbrugg, Switzerland). Quinacrine requires a

wavelength of 420nm for excitation and 500nm for emission.

424 Measurement of ATP

Samples previously isolated and frozen from the cell media during isotonic or
hypotonic exposure were quickly thawed and loaded onto a 96-well plate.
Immediately after this, the samples were assayed for ATP using the luciferin-

luciferase assay as previously described (see Section 3.3.2.2)

4.2.5 Procedure for freezing cells

Cell culture medium was aspirated from flasks that had reached approximately 80%
confluency in cellular monolayers. Subsequently, cells were bathed and incubated
with preheated (37°C) 1 x trypsin-EDTA (Sigma, Poole, UK) for 10 min in a 37°C
humidified incubator with 5% CQ0,/95% air. Once cells were successfully trypsinised,
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culture medium was added to dilute the trypsin solution 1/5 to inhibit the action of the
trypsin enzyme. Cells were harvested through centrifugation (1200 rpm for 2 min).
The supernatant containing the cell culture medium and trypsin solution was then
discarded and cells were resuspended in 500l of fresh cell culture medium. This cell
suspension was subsequently transferred to a cryovial that contained 400ul of FBS
and 100pl of dimethyl sulfoxide (DMSO) (Sigma, Poole, UK) and carefully mixed
using a sterile 10ml pipette. The vial was then stored at -20 °C for 4-6 hours and then
at -80 °C overnight. Long term storage was achieved by later transferring the vials

into liquid nitrogen.

4.2.6 Recovery of cells from freezing

A cryovial stored at -80 °C or in liquid nitrogen was isolated and quickly thawed to
37°C using a water bath. The cell suspension was then transferred to 25cm? standard
sterile tissue flasks and gently resuspended in 8ml of cell culture medium (pre-heated
to 37°C), then immediately placed into a 37°C humidified incubator with 5%
CO02/95% air. The cell culture medium was replaced after 24 hours with 8ml of fresh
medium. Cells were then left to grow to confluence, which routinely took 2-3 days.

All reagents were pre-heated to 37°C prior to contact with cells.

4.2.7 Statistics

Results are expressed as means + standard error of the means (SEM). Changes in
ATP concentration with time were assessed with Student’s Newman Keules paired ¢
test. Differences between treatments at a given interval were compared using
Student’s unpaired ¢ test. The difference between two mean values was considered

statistically significant when P < 0.05.

4.3 Results

WKPT cells maintained under isotonic conditions had extracellular ATP
concentrations of 4.0 + 1.5, 4.6 £ 1.3 and 4.4 £ 1.5 nmol/l (mean + SEM; n = 7) in
samples taken at 1, 5 and 15 min, respectively, as shown in Fig. 4.2. No significant

changes in ATP concentrations were observed between the times at which samples
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were taken. Subsequent incubation of the same cells with quinacrine resulted in a
high level of fluorescence, which, upon high magnification, appeared to be granular
and exclusive to the cytoplasm (Fig. 4.3A; 4. 4A).

Cells that were subjected to hypotonic stimulation had extracellular ATP
concentrations of 15.6 = 6.0, 19.1 + 5.8 and 25.4 = 7.2 nmol/l (mean = SEM; n=7) in
samples taken at 1, 5 and 15 min, respectively, as shown in Fig. 4.2. Significant
changes in ATP concentrations were observed as the duration of incubation increased
(P = 0.009). At all times, ATP concentrations in the hypotonic medium were
significantly higher than corresponding values in isotonic medium. Subsequent
incubation of the same cells with quinacrine resulted in fluorescence; however, this
was profoundly reduced compared with that seen in cells subjected to isotonic
conditions. (Fig. 4.3B; 4.4B).
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Fig. 4.2: Extracellular concentrations of ATP (means + SEM; n=7) at 1, 5 and 15
minutes in medium bathing WKPT cells subjected to isotonic (pink columns) or
hypotonic (grey columns) conditions. ATP levels did not vary significantly between
the times at which the samples were taken in isotonic conditions. However, ATP

concentrations increased with time under hypotonic conditions.  Significant
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differences in ATP concentrations were observed between isotonic and hypotonic

conditions at each time interval.

Fig 4.3: Appearance of WKPT cells following incubation with quinacrine. (A)
Granular fluorescent staining in the cytoplasm of WKPT cells subjected to isotonic
conditions. (B) Pronounced reduction in granular fluorescence staining in the

cytoplasm of WKPT cells subjected to hypotonic conditions (scale bar = 50pum).
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Fig 4.4: Magnified appearance of WKPT cells following incubation with quinacrine.
(A) Granular fluorescent staining in the cytoplasm of WKPT cells subjected to
isotonic conditions. (B) Pronounced reduction in granular fluorescence staining in the

cytoplasm of WKPT cells subjected to hypotonic conditions (scale bar = 20um).
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44 Discussion

Many studies have demonstrated the release of ATP from resting and stimulated
epithelial and non-epithelial cells. In the previous chapter, ATP concentrations in the
tubular lumen of the proximal convoluted tubule were shown to be markedly higher
than in fluid being filtered at the glomeruli, strongly suggesting that ATP was being
released from proximal tubular epithelial cells in vivo. The mechanism by which
cellular release of ATP occurs may vary between cell types. Evidence for a variety of
mechanisms has been obtained in a variety of epithelia, as described in the
Introduction above. In the present study, quinacrine was used to visualize
intracellular stores of ATP in the cytoplasm of a proximal convoluted tubule cell line.
Although a number of other studies have used quinacrine to locate intracellular stores
of ATP in a variety of different cells, no study has ever examined vesicular storage of

ATP in renal epithelial cells.

By combining intracellular labelling of ATP (with quinacrine) and the luciferin-
luciferase ATP assay, the present investigation examined whether exocytosis is one of
the mechanisms by which ATP is released from a cell line originally derived from the

S1 region of the proximal convoluted tubule.

In these proximal cell lines, quinacrine fluorescence was granular and was localized
exclusively to the cytoplasm. Under control conditions, levels of ATP in the
extracellular milieu were only just measurable. Upon hypotonic stimulation, the
granular fluorescence in the cytoplasm was greatly reduced. This decreased granular
fluorescence was coupled with a significant rise in extracellular ATP concentration.
These findings suggest that ATP is stored in these cells in compartments, possibly in
vesicles, and is released upon hypotonic exposure. Although the possibility of cell
damage cannot be ruled out, it would be reasonable to assume that the release occurs

via exocytosis of ATP-containing vesicles.

44.1 Hypotonic stimulation

Many in vitro investigations, in addition to the present study, have used hypotonic
stimuli as a mechanism to induce ATP release. This release of ATP during cell

swelling may have implications for cell volume regulation. Studies by other
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laboratories have shown that cell volume is maintained and restored by adaptive

responses such as the opening of K* and CI' channels that allow the efflux of these

1ons to restore cell volume.

The mechanisms linking cell volume expansion to ion channel opening are not
completely understood. Various studies have demonstrated that application of
extracellular ATP induces CI secretion in many epithelial cell lines (Simmons 1981;
Cressman et al, 1999), including renal epithelial cells (Cuffe et al, 2000). Further
studies have concluded that upon hypotonic exposure cell swelling induces
deformation of the plasma membrane which activates stretch-sensitive channels; this
may induce, directly or indirectly, the release of ATP into the extracellular milieu
(Bodin and Burnstock 2001; Jans et al, 2002). The rise in extracellular ATP
concentration could then stimulate P2 receptors expressed on the same cell to open CI’
channels (Wang et al, 1996).

4.4.2 Mechanism of ATP transport into vesicles

Vesicular release of ATP has already been described in a variety of cells and cell
lines, and, as revealed in the present investigation, is a likely mechanism for ATP
release in the proximal tubule. It has been reported that intravesicular concentrations
of ATP can reach as high as 150mM in other cells (Lazarowski et al, 2003a), so the
next question would be: how does ATP become so concentrated inside these vesicles?
Bankston and Guidotti (1996) have proposed that movement of the ATP anion is
driven by the electrochemical force created by the vacuolar-type H*-ATPase located
on the vesicular membrane (which acidifies the vesicle’s interior). Although the
mechanism by which ATP moves down the electrochemical gradient across the
vesicular membrane is still unknown, it is likely that ATP-conductive channels and
transporters have an important role (Schwiebert et al, 2003). The transporter or
channel in question, in addition to its ability to transport ATP, also allows the
movement of other nucleotides such as GTP and UTP, suggesting that it is not the
mitochondrial ATP/ADP exchanger (GTP and UTP being unsuitable substrates for
this exchanger) (Bankston and Guidotti, 1996). Interestingly, it has been suggested
that should ATP transporters exist on these membranes, the fusion of the vesicle to

the plasma membrane would not only release its quanta of ATP but would also permit
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these transporters to be inserted into the plasma membrane, to potentially drive ATP

release further (Schwiebert et al, 2003); but this is mere speculation.

4.4.3 Basal and stimulated release of ATP from WKPT cells

The levels of ATP documented in the present study in the isotonic/hypotonic solutions
surrounding the cells do not represent real-time release of ATP from this proximal
cell line. This is at least partly because of dilution and diffusion, where the
concentration of ATP close to the cell surface is expected to be greater than that in the
bulk solution from which measurements are made. Indeed, this has been shown in a
recent study by Okada and colleagues (2005), where ATP measurements were made
from Calu-3 airway epithelial cells, at the cell surface (using membrane-bound
luciferase) and ~12 um and ~2.6 mm from the cell surface. This study showed that
measurements made 2.6 mm away from the cell surface were markedly lower than
those measured 12 pm from the cell surface or at the cell surface (the latter two values

being similar when the cells were stimulated to secrete ATP).

Furthermore, in the present study the cell number was unknown and varied between
each set of experiments. This was because of variation in the number of cells seeded.
However, it should be emphasized that, despite this variation between each set of
experiments, the cell number did not vary significantly between compared pairs.
(That is, only cells that were identically seeded, and grown to confluence for the same
time period, were directly compared with respect to fluorescence intensity and
extracellular ATP concentrations following isotonic and hypotonic exposure.) The
variation in cell numbers between experiments may explain the large standard error
bars observed. Despite this, the extracellular ATP levels found when cells were

incubated in hypotonic solution were significantly greater than when the cells were

incubated in isotonic solution.

Interestingly, the concentration of ATP in the medium did not change significantly
between the time intervals at which the samples were taken (i.e., at 1, 5 and 15
minutes) when the cells were exposed to isotonic conditions. One possible
explanation for this stability is that ATP released from the cells may have been
hydrolysed continuously by ectonucleotidases expressed on the cell surface, a balance

being set between the amount of ATP released and the amount hydrolysed.
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Under hypotonic conditions, where ATP secretion was stimulated, a significant rise in
ATP concentration in the medium was found to occur with time. This suggests that
surface ectonucleotidases were unable to hydrolyze ATP at a rate that matched the

rate of its release.

4.4.4 Specificity of quinacrine as a marker for ATP

As mentioned above, other studies have previously used quinacrine as a marker to
visually identify ATP granules in cultured cells. In one study using primary cultures
of endothelial cells and adopting a similar protocol to that used here, similar
observations were also found (i.e., granular fluorescent staining of the cytoplasm,
which, following mechanical stimulation, decreased markedly and was coupled with a
rise in extracellular ATP levels) (Bodin and Burnstock, 2001). In that study, as
indicated in the Introduction, further evidence for the identification of intracellular
stores of ATP was achieved through the use of monensin and NEM, which interfere
with the formation and release of vesicles, respectively. Pre-incubation with each of
these drugs caused significant inhibition of the release of ATP during shear-stress
stimulation.  Although these drugs have other properties, monensin being a
monovalent selective ionophore and NEM a potent alkylating agent, they inhibit
vesicular transport by two different mechanisms. The fact that both drugs were able
to inhibit ATP release makes it unlikely that their effect on vesicular ATP release was

due to their other actions.

In addition to its interaction with ATP, quinacrine can also interact with polyanions
such as RNA and DNA (Irvin and Irvin, 1954). Quinacrine has also been used in
other studies to visualize intracellular stores of renin (Peti-Peterdi et al, 2004; Casellas
et al, 1993). Some studies have reported renin to be present in proximal tubular cells
(Moe et al, 1993; Henrich et al, 1996), and Skett and Taugner (1987) reported that
superfusion with hypo-osmotic solutions stimulated renin release from rat epithelioid
cells (modified macrophages that are adapted for secretion as opposed to
phagocytosis). Thus, the possibility that at least some of the fluorescent granular
staining observed in the cytoplasm of the proximal cell line in the present study was

due to renin granules cannot be excluded.
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4.4.5 Useofcell line

It must be acknowledged that cells grown in culture could change their phenotype and
lose their ability to synthesize ATP transport proteins. The use of a primary cell line
might have been a better option; even so, native characteristics in a primary culture
cannot always be guaranteed. Another caveat is that the cell line used in this study
was originally derived from the S1 region of the proximal tubule of the rat and may
not represent other regions of the proximal tubule, let alone other segments of the

nephron.

4.5 Conclusion

The granular fluorescence observed in the cytoplasm following incubation with
quinacrine suggests that ATP is compartmentalised, possibly stored as vesicles in
these cells. The medium bathing cells subjected to hypotonic exposure had
significantly higher levels of ATP compared to that bathing cells maintained in
isotonic saline; this finding, together with reduced granular fluorescence in hypotonic-
treated cells, suggests that ATP release occurs following hypotonic shock and that

that this release occurs via exocytosis from ATP-containing vesicles.

Whilst the mechanisms of ATP transport across the plasma membrane (discussed in
the Introduction above) all seem plausible, and have in many cases been supported by
experimental evidence, vesicular release would provide a highly controlled
mechanism for the release of ATP from cells. The present study, although confined to
a cell line, has provided evidence that vesicular release is at least one of the possible

mechanisms for ATP release by proximal tubule cells.
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CHAPTER S

IMMUNOLOCALISATION OF ECTONUCLEOTIDASES
ALONG THE RAT NEPHRON
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5.1 Introduction

The extent of activation of purinoceptors is influenced by the existence of
ectonucleotidases located on the surface membranes of epithelial and endothelial cells.
Four families are known to exist: ectonucleoside triphosphate diphosphohydrolases 1-8
(NTPDases 1-8), ectonucleotide pyrophosphatase phosphodiesterases 1-3 (NPPs 1-3),
ecto-5’-nucleotidase and alkaline phosphatase. These families of enzymes and their
respective members differ in their hydrolysis pathways and/or in their affinities for
nucleotides. The presence of ectonucleotidases in specific segments of the nephron may
have a significant and regulatory influence on the stimulation of tubular purinoceptor
subtypes, not only because nucleotide agonists are hydrolysed but also because, in some
cases, the generation of their hydrolysis products (in particular ADP and adenosine) will

preferentially activate ADP-sensitive P2 and P1 receptors.

5.1.1 Ectonucleoside triphosphate diphosphohydrolase (NTPDase) family

The NTPDase family consists of eight members. The topology of NTPDases 1-6 is
shown in Fig. 5.1. NTPDases 1-4 have two membrane spanning regions, whereas
NTPDases 5 and 6 have single transmembrane domains, which may be cleaved close to
the membrane to release a soluble form of the enzyme. The topologies of the newly
discovered NTPDases 7 and 8 have not been defined. Four of these members, namely
NTPDasel, NTPDase2 NTPDase3 and NTPDase8, are primarily concerned with the
hydrolysis of adenine-based nucleotides (although they may also hydrolyze other
nucleotides such as UTP, GTP, ITP and CTP and their respective diphosphates).
NTPDases 4-7 are believed to be localized to intracellular membranes such as the Golgi
apparatus and the endoplasmic reticulum; these ectonucleotidases are primarily
concerned with the hydrolysis of uridine-based nucleotides but may also hydrolyse other
nucleotides such as GTP, ITP and/or CTP, albeit with a lower affinity (Zimmermann,
2001a; Kukulski et al, 2005). Table 5.1 shows details of the hydrolysis pathways.
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5.1.1.1 NTPDases 1-3

NTPDasel hydrolyses ATP and ADP with almost equal preference (Zimmermann
2001a). However, hydrolysis of ATP by this enzyme largely proceeds directly to AMP
(i.e., no ADP intermediate is released). This occurs most likely because ADP remains
bound to the enzyme, and is dephosphorylated at the same or a nearby catalytic site. In
the vasculature there is strong evidence that endothelial NTPDasel limits the extent of
intravascular platelet aggregation by hydrolysing pro-aggregatory ADP. Furthermore,
NTPDasel knock-out mice developed systemic hypertension, highlighting the potential
physiological significance of this ectonucleotidase in the vasculature (Kishore et al,
2005).

In contrast to NTPDasel, NTPDase2 has a significantly higher (approximately 30-fold)
preference for the hydrolysis of ATP over ADP (Zimmermann, 2000), whereas
NTPDase3, which shares the same hydrolytic pathway, has only an approximately 3-fold
preference for the hydrolysis of ATP (Zimmermann 2001a). NTPDases 1-3 have all been
found in the kidney at the protein and/or mRNA level (Kishore et al, 2005; Chadwick and
Fischauf, 1998).

5.1.1.2 NTPDases 4-8

NTPDase 4 has been found in most tissues including the kidney, and in transfected cell
lines (COS-7 cells) was reported to be located intracellularly, more specifically,
expressed on the membrane of the Golgi apparatus (Wang and Guidotti, 1998). The
same study found the mRNA for this enzyme in human kidney tissue as well as other
tissues. The substrates of NTPDase 4 primarily include UDP and other nucleoside 5’ di-
and triphosphates except ATP and ADP. NTPDase 5 and NTPDase 6 follow a similar
catalytic pathway, preferentially hydrolysing UDP, GDP and IDP over ADP. Using
northern blot analysis, the mRNA for NTPDase 5 has been found in human kidney
(Chadwick and Frischauf, 1998) and that for NTPDase 6 in rat kidney (Braun et al,
2000). Their catalytic pathways, together with their location, suggest that these
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intracellular ectonucleotidases may have a role in importing nucleotide sugars into the

Golgi cisternae (Zimmermann, 2000).

NTPDases 7 and 8 have been characterised recently; and the mRNA transcripts for both
enzymes have been found in a variety of tissues including the kidney. NTPDase7,
located on intracellular membranes such as the Golgi apparatus and endoplasmic
reticulum, has a substrate preference for nucleoside triphosphates such as UTP, GTP and
CTP, with little or no activity on their respective diphosphates or indeed other nucleoside
triphosphates (Shi et al, 2001). Unlike NTPDase7, NTPDase8 is located on the plasma
membrane. This enzyme is involved in the hydrolysis of adenine- and uridine-based tri-
and dinucleotides and so, like NTPDasesl-3, may influence purinoceptor activation,

(Bigonnesse et al, 2004).

5.1.13 K and catalytic properties

The effectiveness or potency of these enzymes in influencing purinoceptor activation has
been demonstrated in studies where the use of stable analogues of ATP has often had a
very potent effect, eliciting contractions in smooth muscles up to a hundred times greater

than those caused by the same dose of ATP itself.

The catalytic activity of the enzyme for a particular substrate is strongly influenced by the
affinity of the enzyme for that substrate, which is represented by the K-value. A high
affinity of the enzyme for its substrate would be shown by a low Kn-value, as a low
concentration of substrate would be required to half saturate the enzyme (to reach half
maximal velocity [1/2 V] for the reaction). The converse is true for a high Kp-value.
However, the Vi itself is also a major determinant of enzyme activity, as an enzyme
with a high K,, and high V. might have the same activity as one with a low K, and low
V max-

The K,-values of the ectonucleotidases vary not only between the various members, but

also differ between the membrane-bound and soluble forms of enzyme. The K, is also
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influenced by the type of nucleotide-based substrate and the species in which the enzyme
is expressed. For example, NTPDasel isolated from bovine aorta has a K, for ATP of
10pmol/l, whereas human NTPDasel expressed on COS-7 cells was reported to have a
Ky of 75umol/l for the same substrate. Furthermore, soluble recombinant human
NTPDasel lacking the N- or C-terminal domains had K-values of 220pmol/l and
2.1umol/, respectively. Ky, is also strongly influenced by pH and by the presence of
divalent cations such as Ca**, Mg?* and Zn?*. The ranges of K-values for the families of

enzymes have been summarized in Table 5.1.

5.1.2 Ectonucleotide pyrophosphatase/phosphodiesterase (NPP) family

The ectonucleotide pyrophosphatase/phosphodiesterase (NPP) multigene family
comprises three members. NPPs 1-3 have been structurally characterized, having a small
intracellular domain (10-80 residues) and a large extracellular domain (~830 residues)
that harbours the catalytic site (Gijsbers et al, 2001). As well as being membrane bound
by a single transmembrane domain at the N-terminus, these enzymes may also be
proteolytically cleaved and released as a soluble form (Fig. 5.1). Indeed, soluble forms of

these enzymes have been found in serum.

Like NTPDases, NPPs 1-3 are also able to catalyze ATP and ADP to AMP, but vary in
their affinities for the nucleotide substrates. NPP2 has the widest catalytic capacity,
being able to hydrolyze AMP to adenosine in addition to hydrolyis of ATP to ADP and
ADP to AMP.

The catalytic activity of these enzymes is positively influenced in the presence of divalent
cations such as Mg?* and Ca®*, and is also influenced by pH (working optimally at pH 9).
The K -values are similar to those of the NTPDase family (ranging over 10-150 pmol/1)
and are similarly subject to a variety of influences. For instance, rat C6 glioma cells
expressing NPP1 were reported to have a Kp-value for ATP of 17umol/l, whereas a

soluble form of the same enzyme had a K- value of 50pmol/] for the same substrate.
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Based on sequence homology of the catalytic site, additional members of this family,
designated NPP4 and NPPS, have been identified. Distinctly smaller than their other
family counterparts, NPP4 and NPP5 are made up of 453 and 477 residues respectively.
Genetic analysis by Gijsbers et al, (2001) suggested that these enzymes had a broad tissue

distribution; however, their presence in the kidney was not indicated.

5.1.3 Ecto-5’-nucleotidase

Ecto-5’-nucleotidase catalyses the hydrolysis of AMP to adenosine. The enzyme, which
exists as a dimer, is attached to the membrane via a glycosylphosphatidyl inositol (GPI)
anchor, which may be cleaved to release a soluble form of the enzyme (Fig. 5.1). The
K- value for AMP is in the low micromolar range (10 — 50umol/l) but is influenced by
competitive inhibition by ATP and ADP. Ecto-5’-nucleotidase is a zinc-binding
metalloenzyme, and chelators such as EDTA can inhibit enzyme activity.

5.1.4 Alkaline phosphatase

This enzyme has a broad substrate specificity, capable of metabolizing ATP, ADP and
AMP down to the nucleoside, adenosine. Therefore, expression of this enzyme would
enable the complete hydrolysis of ATP to adenosine to occur. However, the K,,- values
for these substrates are in the low millimolar range. Like ecto-5’-nucleotidase, alkaline
phosphatase shares the feature of being glycosyl phosphatidyl inositol (GPI)-anchored
and so may also exist as a soluble form. The significance of this enzyme in purinoceptor

signalling and extracellular nucleotide metabolism has received little attention.

Table 5.1 summarizes the hydrolysis pathways of the ectonucleotidases described above.
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Table 5.1: The hydrolysis pathways and the apparent K, values for the four families of

ectonucleotidases.
Members Km Value | Hydrolysis pathway
(pmolil)
ATP to AMP + 2P, *
NTPDasef 10-200 | ADPtoAMP +P;  (ATP = ADP)
ATP to ADP + P, *
NTPDase2 ADP to AMP + P,  (ATP >> ADP)
ATP to ADP + P; *
NTPDase3 ADP to AMP + P,  (ATP > ADP)
UDP to UMP + P,
NTPDase4 UTP to UDP + P,
UDP to UMP + P;
NTPDase5 UDP > GDP, IDP >>> ADP, CDP
GDP to GMP + P
NTPDase6 GDP > IDP >>> UDP, CDP >>>ADP
UTP to UDP + P,
NTPDase? GTP to GDP + P,
CTP to CDP + P,
ATPtoADP +P; UTP to UDP +P,
NTPDase8 ADP to AMP + P,  UDP to UMP + P,
ATP to AMP + 2P,
NPP1 10130 | AP to AMP + P,
3',5'-CAMP to AMP
NPP2 ATP to AMP + 2P,  ATP to ADP + P,
ADP to AMP + P,  GTP to GDP + P,
3',5'-cCAMP to AMP AMP to Adenosine + P,
ATP to AMP + 2P,
NPP3 ADP to AMP + P,
3',5'-CAMP to AMP
Ecto-5'-nucleotidase 10-50 AMP to Adenosine + P,
_ s | ATPto ADP +P,
Alkaline phosphatase 1-4x10 ADP to AMP + P,
AMP to Adenosine + P,

* Denotes that UTP, GTP,ITP, CTP, UDP, GDP, IDP and CDP can also be substrates.
(Compiled from Kukulski et al, 2005; Zimmermann, 2001a ; Zimmermann, 2001b;

Zimmermann, 2000)
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Ecto-5’- Alkaline

3 - N . nuclectidase phosphatase
NTPDases 1- 4 NTPDase 5§ NPPs 1-3
(NTPDase 6)

Fig. 5.1: Topological structure of ectonucleotidases. NTPDases 1, 2, 3 and 8 are
expressed on the plasma membrane. NTPDases 4, 5, 6 and 7 are believed to have an
intracellular location, expressed on either the Golgi apparatus or endoplasmic reticulum
membrane, but also have the potential to be released as soluble forms. NTPDases 1-4
have two membrane-spanning regions, with intracellular N- and C-termini, whilst
NTPDases5 and 6, as well as NPPs 1-3, have a single membrane-spanning region. The
topological structures of NTPDases 7 and 8 have not been fully characterized. Both ecto-
5’-nucleotidase and alkaline phosphatase are GPI-anchored with an extracellular N
terminus. With the exception of NTPDases 1- 4 (and possibly NTPDase 6),
ectonucleotidases have the potential to be cleaved at the cleavage site (denoted by a red
arrow) and released as a soluble form. (Bigonesse et al, 2004; Kukulski et al, 2005;
Mulero et al, 1999; Wang et al, 1998). These ectonucleotidases may exist as homo-

oligomers of dimers, trimers or even tetramers.

5.1.5 Soluble nucleotidases

Not all of the ectonucleotidases exist as membrane-bound enzymes; some soluble forms
also exist. Soluble nucleotidases have been found to be released from nerve endings
following stimulation, and the latency of the postsynaptic effects of adenosine derived

from ATP released at hippocampal synapses suggests that complete hydrolysis can occur
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within 200ms in the synaptic cleft (Kennedy et al, 1997). The fact that soluble
nucleotidases were released only when nerves were stimulated may explain why
nucleotide degradation was found to be slower in resting neural tissue. Interestingly, the
intracellular membrane-bound NTPDaseS has been shown to be released from

macrophages.

5.1.6 Inhibitors of ectonucleotidases

A diverse group of compounds has been shown to inhibit the catabolism of ATP and/or
ADP. However, many of these compounds only display mild inhibition and/or are non
specific. Others, such as suramin, are effective not only in inhibiting ectonucleotidase
activity but also in inhibiting P2 receptor activation and may interact with other types of
membrane proteins. The activity of many ectonucleotidases is augmented in the presence
of divalent cations; thus, ion chelators such as EDTA may significantly reduce or

possibly inhibit the activity of these enzymes.

Although other inhibitors such as ARL 67156, azide and heparin have been found to
inhibit nucleotidase activity in several tissues including human red blood cells, rat and
guinea-pig vas deferens, chicken oviduct and rat kidney and liver (Todorov et al, 1997;
Knowles and Nagy, 1999; Vieira et al, 2001), the specificity of these inhibitors remains

undefined.

5.1.7 Distribution of ectonucleotidases along the nephron — current knowledge

Ecto-5’nucleotidase has been shown to be present in the brush-border membrane of the
rat proximal tubule, and in the apical membrane and apical cytoplasm of intercalated cells
in the connecting tubule and collecting duct, as well as in the peritubular space (Gandhi et
al, 1990; Le Hir and Kaissling, 1989). Alkaline phosphatase has been shown to be

confined to the brush-border membrane of the proximal tubule (Beliveau et al, 1983).
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Current knowledge of the distribution of other ectonucleotidases along the nephron is
fragmentary and incomplete. Some laboratories have detected mRNA for a number of
ectonucleotidases in kidney tissue homogenates (Chadwick et al, 1998; Fuss et al, 1997,
Kegal et al, 1997). Others have demonstrated their expression at the protein level; these
findings, however, have usually been confined to the renal vasculature, with little or no
mention of the tubular expression of the enzymes (Lemmens et al, 2000; Kishore et al,
2005).

NTPDasesl and 2 have recently been identified in the thin limbs of Henle, but not
investigated elsewhere (Kishore et al, 2005). Of the NPP family, the intrarenal
distribution of NPP1 has previously been examined in the mouse (Harahap and Goding,
1988), but no information is available on NPP2 or NPP3. The present study has therefore
used immunohistochemistry to examine the expression of five major ectonucleotidases
along the rat nephron. The enzymes examined were NTPDasel, NTPDase2, NTPDase3,
NPP3 and, for comparative purposes, ecto-5’-nucleotidase. Using antibodies to well-
defined segments of the nephron, the distribution of these five enzymes was examined in

the proximal tubule, the TAL, the distal tubule and the collecting duct.

5.2 Methods

5.2.1 Ectonucleotidase antibodies

NB: These experiments were performed by Dr Jean Sévigny and colleagues at Centre
de Recherche en Rhumatologie et Immunologie, Université Laval, Sainte-Foy, Québec,

Canada

Polyclonal antibodies for NTPDases 1, 2 and 3 and ecto-5’-nucleotidase were raised in
rabbit by direct intramuscular or subcutaneous injection of the encoding cDNA ligated

into the plasmid pcDNA3, using the same protocol as described previously (Koszalka et
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al, 2004; Sévigny et al, 2002). NPP3 antibody was also raised in rabbit, against affinity-
purified native protein as described previously (Maurice et al, 1994). The use and
specificity of antibodies to NTPDases 1 and 2 (Kishore et al, 2005, Sévigny et al, 2002),
ecto-5'-nucleotidase (Koszalka et al, 2004) and NPP3 (Meerson et al, 2000; Meerson et

al, 1998) have been extensively described in previous studies.

5.2.1.1 Specificity of NTPDase3 antibodies - transfection and western blotting
procedures

NB: These experiments were performed by Dr Jean Sévigny and colleagues at Centre
de Recherche en Rhumatologie et Immunologie, Université Laval, Sainte-Foy, Québec,

Canada

Preparation of human embryonic kidney (HEK 293) cells and transient transfection with
NTPDase3 cDNA constructs were prepared as described previously for NTPDasel in
COS-7 cells (Kaczmarek et al, 1996). Protein samples of NTPDase3 transfected cells
and untreated HEK 293 cells were resuspended in NuPAGE LDS Sample Buffer
(Invitrogen, Burlington, Ontario, Canada) under nonreducing conditions and separated on
a NuPAGE 4-12% Bis-Tris gel. The separated proteins were then transferred to an
Immobilon-P membrane (Millipore, Bedford, MA, USA) by electroblotting according to
the manufacturer’s recommendation (Invitrogen) and then blocked with 2.5% non-fat
milk in PBS-T (10.1 mM Na,HPO,, 1.8 mM KH,PO,, 136.9 mM NaCl, 2.7 mM KCl,
0.15% Tween 20, pH 7.4) overnight at 4°C. The membrane was subsequently probed for
NTPDase3 through incubation with rabbit anti-NTPDase polyclonal antibody (RN3-1)
for 90min at a dilution of 1/2000 and the bands visualized using horseradish peroxidase-
conjugated goat anti-rabbit IgG (Amersham Biosciences, Baie d'Urfé, Québec, Canada)
for 1 hour at a dilution of 1/10,000, followed by Lightning Western Blot
Chemiluminescence Reagent Plus (Perkin Elmer Life Sciences, Boston, MA, USA).

Positively stained bands were only detected in NTPDase3 transfected cell lines (Fig. 5.2).
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Fig. 5.2: Western blot showing cell lysates from HEK 293 cells transiently transfected
(NTPDase3) or non-transfected (Vector; negative control) with rat NTPDase3 cDNA
constructs. Proteins were fractionated on NuPAGE 4-12% Bis-Tris gel under
nonreducing conditions, transferred to an Immobilon-P membrane and subsequently
incubated with NTPDase3 (RN3-1) primary antibody or its preimmune control (not

shown). Stained bands were exclusively detected in NTPDase3 transfected cell extracts.

5.2.1.2 Specificity of NTPDase3 antibodies — immunocytochemistry

NB: These experiments were performed by Dr Jean Sévigny and colleagues at Centre

de Recherche en Rhumatologie et Immunologie, Université Laval, Sainte-Foy, Québec,

Canada

COS-7 cells were fixed in 10% phosphate-buffered formalin mixed with cold acetone.
Briefly, cells were incubated in a blocking solution of 7% normal goat serum in
phosphate-buffered saline (PBS) for 30 min and then incubated overnight at 4°C with
primary antibodies. The cells were then incubated with 0.15% hydrogen peroxide in PBS
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for 10 min, incubated with avidin/biotin blocking kit (Vector Laboratories, Burlington,
Ontario, Canada) and then with a biotin-labelled goat anti-rabbit secondary antibody.
The complex avidin/biotinylated horseradish peroxidase (Vector laboratories) was added
to optimize the reaction. Peroxidase activity was revealed using 3, 3’-diaminobenzidine
(DAB; Sigma, St. Louis, MO, USA) as a substrate. Cells were counterstained with
aqueous haematoxylin (Biomeda, Foster City, CA, USA) in accordance with the

manufacturer’s protocol (see Fig. 5.3).
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Fig. 5.3: Immunocytochemistry of intact COS-7 cells transfected (A and C) or non-
transfected (B) with NTPDase3 cDNA constructs. Cells were incubated with NTPDase3
(RN3-1) antibody (A and B) or pre-immune serum (C). A positive signal could be seen
only with NTPDase3 transfected cells incubated with NTPDase3 antibody (A). No

staining was seen in the negative controls (B and C).
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5.2.2 Other markers

The proximal tubule marker phaseolus vulgaris erythroagglutinin (PVE) was purchased
from Vector Laboratories, Burlingame, CA, USA. The proximal tubule marker for the
S3 segment, neutral endopeptidase (NEP) antibody, was a gift from Prof. P Ronco and
has been previously characterized (Ronco et al, 1988); the thick ascending limb marker
Tamm-Horsfall protein antibody was purchased from Biogenesis, Poole, UK; the distal
tubule marker Calbindin D-28k antibody was purchased from Swant, Bellinzona,
Switzerland; and the collecting duct marker aquaporin2 (AQP2) was a gift from Dr. D
Marples. The specificity of this AQP2 antibody has been previously demonstrated by
immunocytochemistry (D. Marples, personal communication). Secondary antibodies for
donkey anti-sheep CY3, donkey anti-rabbit CY3, biotinylated donkey anti-rabbit and goat
anti-mouse FITC were purchased from Jackson Immunoresearch Laboratories, West
Grove, PA, USA. Streptavidin-fluorescein . FITC was purchased from Amersham
Biosciences, Chalfont St Giles, Bucks, UK.

5.2.3 Tissue preparation

Male Sprague-Dawley rats were anaesthetized with sodium thiopentone (Link
Pharmaceuticals, Horsham, UK; 100mg/kg, intraperitoneally). The left kidney was
perfused via the abdominal aorta, first with Hanks’ balanced salt solution and then with a
periodate-lysine paraformaldehyde fixative containing 2% paraformaldehyde, 0.075 M
lysine and 0.01 M sodium periodate solution, pH 7.4 (McLean et al, 1974). The
perfusion-fixed kidney was then isolated and left overnight in 7% sucrose at 4°C.
Subsequently, it was embedded in Tissue-Tek® compound and snap frozen in pre-chilled
isopentane followed by liquid nitrogen. Sections 10um thick were cut serially using a

Leica cryostat cutter (Oberkochen, Germany) and mounted onto gelatinized glass slides.
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5.2.4 Immunofluorescence

Frozen cryostat sections were allowed to air dry for several minutes at room temperature
and were then washed three times for 5 min in 0.1M PBS. Tissue sections were then
incubated in 10% normal horse serum (NHS) prepared in PBS containing 0.05%
merthiolate (NHS-PBS merthiolate) for 30 min at room temperature. Sections were then
incubated overnight at room temperature with antibody raised against NTPDasel (1/600),
NTPDase2 (1/1000), NTPDase3 (1/50), NPP3 (1/400) or ecto-5’-nucleotidase (1/400),
each diluted in 10% NHS-PBS merthiolate. They were then incubated with either CY3-
conjugated donkey anti-rabbit (1/400) immunoglobulin antibody (labelled red) or
biotinylated donkey anti-rabbit antibody (1/500) for 60 min at room temperature.
Sections that had been incubated with biotinylated donkey anti-rabbit antibody were then
incubated with streptavidin-fluorescein (FITC-green fluorophore) (1/200) diluted in 1%

NHS-PBS merthiolate for 30 min at room temperature.

(i) Proximal tubule staining

Sections that had been incubated with CY3-conjugated donkey anti-rabbit antibody (as
described above) were incubated overnight with the biotinylated lectin PVE (specific to
the proximal tubule) diluted 1/1500 in 10% NHS-PBS merthiolate, followed by a 30 min
incubation with streptavidin-fluorescein (FITC-green fluorophore) diluted in 1% NHS-
PBS merthiolate.

(i) Proximal tubule S3 segment staining

Sections that had been incubated with CY3-conjugated donkey anti-rabbit antibody (as
described above) were incubated overnight with antibody specific to NEP (specific for
the S3 segment of the rat proximal tubule), diluted 1/1000 in 10% NHS-PBS merthiolate
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followed by a 1 hr incubation with FITC-green-conjugated goat anti-mouse antibody
diluted 1/200 in 1% NHS-PBS merthiolate.

(iti)  Thick ascending limb (TAL) staining

Sections that had been previously incubated with the biotinylated donkey anti-rabbit
antibody followed by streptavidin-fluorescein (FITC-green fluorophore) were incubated
overnight with antibody specific to Tamm-Horsfall protein (specific for the TAL) diluted
1/1500 in 10% NHS-PBS merthiolate, followed by a 1 h incubation with CY3-conjugated
donkey anti-sheep (1/400) diluted in 1% NHS-PBS merthiolate.

All incubations were separated by 3 x 5 min washes in 0.1M PBS. Slides were then
mounted in Citifluor (Citifluor, London, UK) solution. Tissue sections were then viewed
using a microscope (Zeiss Axioplan, Oberkochen, Germany) fitted with a ‘rhodium’ and
‘FITC’ filter to view CY3 and FITC fluorescence, respectively, and photographed with a

microscope-mounted digital camera (Leica DC 200; Heerbrugg, Switzerland)

5.2.5 Double-immunofluorescence labelling of ectonucleotidases and tubular markers

using unconjugated primary antibodies raised in the same species

The method of Tyramide Signal Amplification (TSA) immunohistochemistry was
adopted under circumstances where the marker antibody used to identify tubular
segments (Calbindin D-28k, a marker for the distal tubule, and AQP2, a marker for the
principal cells of the collecting duct) was raised in the same host species (rabbit) as the
ectonucleotidase antibody. If the conventional method had been adopted (as described
above for labelling the proximal tubule and the TAL), the secondary antibody (i.e., CY3
conjugated donkey anti-rabbit IgG) would have been unable to differentiate between the

ectonucleotidase and marker antibody due to cross reactivity.
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Frozen sections were rinsed in 0.1M PBS (3 x 5 min), incubated with 10% NHS-PBS
merthiolate for 30 min and then incubated overnight at room temperature with antibody
specific to NTPDasel (1/9000), NTPDase2 (1/12000), NTPDase3 (1/1200), NPP3
(1/4000) or ecto-5’-nucleotidase (1/4000), prepared at a dilution (in 10% NHS-PBS
merthiolate) that could not be detected by the conventional immunofluorescence protocol

described above, but could be detected using the TSA protocol.

The sections were subsequently incubated with biotinylated donkey anti-rabbit antibody
for 60 min at room temperature. In accordance with the manufacturer’s protocol, the
sections were incubated with the supplied horseradish peroxidase-conjugated streptavidin
(diluted 1/100 with 1% NHS-PBS merthiolate) for 30 min at room temperature and then
incubated with the supplied fluorophore tyramide (PerkinElmer, Boston, MA, USA),
prepared diluted 1/50 with the supplied amplification reagent at room temperature for 3-7

min.

The same sections were then incubated overnight at room temperature with a marker
antibody: Calbindin D28k (1/1500) or AQP2 (1/1000) antibody diluted with 10% NHS-
PBS merthiolate. This marker antibody was then labelled using CY3-conjugated donkey
anti-rabbit immunoglobulin antibody (labelled red) and incubated for 60 min at room

temperature.

Again, all incubations were separated by 3 x 5-min washes in 0.1M PBS. Slides were
then mounted in Citifluor solution, and viewed using a microscope (Zeiss Axioplan,
Oberkochen, Germany) fitted with a ‘rthodium’ and ‘FITC’ filter to view CY3 and TSA
fluorophore fluorescence, respectively, and photographed with a microscope-mounted

digital camera (Leica DC 200; Heerbrugg, Switzerland)
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5.2.6 Secondary antibody control experiments

Control experiments in which each secondary antibody was directly incubated with

kidney tissue sections (i.e without prior incubation with primary antibodies) were

performed. No positive staining was observed (Fig. 5.4A/B).

Fig. 5.4: Cortical sections from control experiments in which each secondary antibody
FITC (A) or Cy3 (B) was directly incubated with kidney tissue sections (without prior
incubation with primary antibodies). No positive staining was observed (Magnification

x20; scale bar = 50um).

5.3 Results

5.3.1 Glomerulus

Prominent immunostaining was found in the glomerulus for NTPDasel (Fig. 5.5A) and

NPP3 (Fig. 5.8A). No fluorescence was found for any other ectonucleotidase.
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5.3.2 Proximal tubule

Indirect immunofluorescence labelling with antibodies specific to ectonucleotidases and
the proximal tubule marker (PVE) showed prominent staining for NPP3 and ecto-5’-
nucleotidase, but not for NTPDases 1, 2 or 3. Staining for both NPP3 (Fig. 5.8B/C) and
ecto-5’-nucleotidase (Fig. 5.9A/B) was found to be predominantly on the apical side of
the tubules, although staining in the peritubular space was also seen for ecto-5’-
nucleotidase. Notably, not all positively stained proximal tubular segments stained for
NPP3 or ecto-5’-nucleotidase, suggesting that these enzymes are localized to specific

proximal tubular sub-segments.

To investigate this further, the monoclonal antibody to neutral endopeptidase (NEP),
which in the rat is localized to the S3 segment of the proximal tubule (Ronco et al, 1988),
was used in conjunction with the NPP3 and ecto-5’-nucleotidase antibodies. NPP3
staining was found to co-localize with NEP (Fig. 5.8D/F), suggesting that NPP3 is either
exclusively or predominantly expressed in the S3 segment of the proximal tubule. In
contrast, co-staining for ecto-5’-nucleotidase and NEP was found in some, but not all,

positively stained S3 segments (Fig. 5.9C/D).

5.3.3 Thick ascending limb of Henle

Staining of the TAL using Tamm-Horsfall protein as a marker revealed expression of
NTPDase2 (Fig. 5.6A/B) and NTPDase3 (Fig. 5.7A/B). This staining was not exclusive
to the apical surface; some staining, particularly for NTPDase2, was also found on the
basolateral surface. No immunoreactivity for NTPDasel, NPP3 or ecto-5’-nucleotidase

was observed in this nephron segment.
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5.3.4 Distal tubule

This segment stained for NTPDase2 (Fig. 5.6C/D) and NTPDase3 (Fig. 5.7C/D),
predominantly on the apical side, and showed no staining for NPP3 or NTPDasel.
Staining for NTPDase2 was variable: not every positively stained distal tubular segment
expressed this enzyme. Very low-level apical expression was also observed for ecto-5’-
nucleotidase in some, but not all, segments of positively stained distal tubules (Fig.
5.9E/F).

5.3.5 Collecting duct

Cortical and outer medullary collecting ducts displayed sparse staining for NTPDase3,
which did not co-localize with AQP2-stained cells, suggesting that the enzyme is
confined to intercalated cells (Fig. 5.7 E-G). A similar pattern of low-level staining was
also observed for ecto-5’ nucleotidase (Fig. 5.9 G-I). No other ectonucleotidases were

identified in these regions.

5.3.6 Inner medullary collecting duct

In this segment, ecto-5’-nucleotidase was found again in intercalated cells (Fig. 5.9 J-L),
whereas low-level staining for NTPDase3 was found in most ‘principal’ cells (Fig. 5.7 H-
J). In addition to these two enzymes, some ‘principal’ and intercalated cells of the inner
medullary collecting duct showed sparse expression of NTPDases 1 (Fig. 5.5C/D) and 2
(Fig. 5.6 E-G).
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Fig. 5.5: A. Staining for NTPDase 1 in the glomerulus. (Magnification x20; scale bar =
100um). B. Staining for NTPDase 1 in inner medullary collecting ducts. C. Same section
as B, stained for aquaporin 2. D. Merged image of B and C stained for both NTPDasel
(green) and AQP2 (red). Co-localized staining of NTPDasel and AQP2 is yellow.
(Magnification x20; scale bar = 25um).
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Fig. 5.6: A. Staining for NTPDase 2 in thick ascending limbs. B. Same section as A,
stained for Tamm-Horsfall protein. (Magnification x20; scale bar = 100um). C. Staining
for NTPDase 2 in distal tubules. D. Same section as C, stained for Calbindin-D28k.
Arrows denote positively stained distal tubules lacking expression of NTPDase 2.
(Magnification x20; scale bar = 100um). E. Staining for NTPDase 2 in inner medullary
collecting ducts. F. Same section as E, stained for AQP2. G. Merged image of E and F
stained for both NTPDase2 (green) and AQP2 (red). Co-localized staining of NTPDasel
and AQP2 is yellow. (Magnification x20; scale bar = 25um).
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Fig. 5.7 A. Staining for NTPDase 3 in thick ascending limbs. B. Same section as A,
stained for Tamm-Horsfall protein. (Magnification x20; scale bar = 100um). C. Staining
for NTPDase 3 in distal tubules. D. Same section as C, stained for Calbindin-D28k.
(Magnification x20; scale bar = 100um). E. Staining for NTPDase3 in outer medullary
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collecting ducts. F. Same section as E, stained for AQP2. G. Merged image of E and F
stained for both NTPDase3 (green) and AQP2 (red). Arrows denote presumed
intercalated cells. (Magnification x10; scale bar = S0um). H. Staining for NTPDase 3 in
inner medullary collecting ducts. I. Same section as H, stained for AQP2. J. Merged
image of H and I stained for both NTPDase3 (green) and AQP2 (red). Co-localized
staining of NTPDasel and AQP2 is yellow. (Magnification x10; scale bar = 800um).
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Fig 5.8: A. Staining for NPP3 in the glomerulus. (Magnification x20; scale bar =

50um). B. Staining for NPP3 in proximal tubules. C. Same section as B, stained for PVE.
Arrows denote positively stained proximal tubules lacking expression of NPP3.
(Magnification x20; scale bar = 100pum). D. Staining for NPP3 in pars recta. E. Same
section as D, stained for NEP. (Magnification x20; scale bar = 100um).
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Fig. 5.9: See next page for legend
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Fig. 5.9: A. Staining for ecto-5’-nucleotidase in proximal tubules. B. Same section as A,
stained for PVE. Arrows denote positively stained proximal tubules lacking expression
of ecto-5’-nucleotidase. G denotes glomerulus. (Magnification x20; scale bar = 100um).
C. Staining for ecto-5’-nucleotidase in the cortical labyrinth and outer stripe of outer
medulla. D. Same section as C, stained for NEP. Note staining in medullary rays and
outer stripe. (Magnification x10; scale bar = 200um). E. Staining for ecto-5’-nucleotidase
in distal tubules. F. Same section as E, stained for Calbindin-D28k. Arrows denote low-
level expression of ecto-5’-nucleotidase in positively stained distal tubules.
(Magnification x10; scale bar = 50um). G. Staining for ecto-5’-nucleotidase in outer
medullary collecting ducts. H. Same section as G, stained for AQP2. 1. Merged image of
G and H stained for both ecto-5’-nucleotidase (green) and AQP2 (red). Arrows denote
presumed intercalated cells. (Magnification x20; scale bar = 25um). J. Staining for ecto-
S’-nucleotidase in inner medullary collecting ducts. K. Same section as J, stained for
AQP2. L. Merged image of J and K stained for ecto-5’-nucleotidase (green) and AQP2
(red). Arrows denote presumed intercalated cells. (Magnification x20; scale bar =
25um).
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5.4 Discussion

The lack of uniformity in the distribution of ectonucleotidases along the nephron,
together with their co-expression with purinoceptors (P1 and P2), makes it probable that
these enzymes have a role in influencing the activation of different purinoceptor
subtypes. This concept is illustrated by in vitro studies examining the effect of
ectonucleotidases on ADP-sensitive platelet aggregation (Alvarado-Castillo et al, 2005).
These studies demonstrated that in the presence of extracellular ATP, expression of
NTPDasel (which hydrolyses both ATP and ADP with almost equal preference) reduced
platelet aggregation, whereas expression of NTPDase2 (which preferentially hydrolyses
ATP) had the opposite effect. Thus a detailed knowledge of the types of ectonucleotidase
present in each nephron segment is essential to our understanding of purinoceptor

function.

To date, the only ectonucleotidases whose distribution along the nephron has been
described in detail are alkaline phosphatase and ecto-5’-nucleotidase.  Alkaline
phosphatase has broad substrate specificity, capable of metabolizing ATP, ADP and
AMP to adenosine. It is glycosyl phosphatidyl inositol (GPI) anchored and so may also
exist in a soluble form. In the kidney, alkaline phosphatase is exclusively expressed in
the brush-border membrane of the proximal tubule (Beliveau et al, 1983). Ecto-5’-
nucleotidase dephosphorylates AMP to adenosine and is also GPI anchored. It has been
shown previously to be present in the brush-border membrane of the proximal tubule, and
in the apical membrane and apical cytoplasm of intercalated cells in the connecting
tubule and collecting duct, as well as in the peritubular space (Gandhi et al, 1990; Le Hir
and Kaissling 1989).

The present study examined the intraluminal distribution of the ectonucleotidases
NTPDases 1-3, NPP3 and, for purposes of comparison, ecto-5’-nucleotidase. A key

feature of this investigation was the use of specific markers to identify each nephron
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segment. Figure 5.10 is a summary of the main findings. In the discussion that follows,

each of the enzymes will be dealt with in turn.

Proximal convoluted tubule
Ecto-§-nucleotidase
Alkaline phosphatase

Fig. 5.10: Summary of the distribution of ectonucleotidases along the rat nephron.

5.4.1 Ectonucleoside triphosphate diphosphohydrolases 1-

All members of the NTPDase family hydrolyse ATP and ADP to AMP, but they differ in
their preferences for these substrates (Kukulski et al, 2005). As indicated above,
NTPDasel hydrolyses ATP and ADP with almost equal preference (Zimmermann
2001a). However, hydrolysis of ATP by rat NTPDasel largely proceeds directly to AMP
(Zimmermann, 2000). In the present study, NTPDasel was prominently expressed in the
glomerulus and peritubular space, with some low-level staining in the inner medullary

collecting ducts; this enzyme was not present in any of the other nephron segments
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examined. These results are consistent with those of a recent study in rat and mouse in
which glomerular mesangial cells and/or glomerular capillary membranes, as well as
peritubular capillaries, stained for NTPDasel (Kishore et al, 2005). The same study also
identified NTPDasel in thin ascending limb of the loop of Henle, but, owing to the lack
of a suitable marker for this nephron segment, the present study was unable to confirm
this finding. Lemmens et al (2000) have identified this enzyme in the blood vessel walls
of glomerular and peritubular capillaries of the porcine kidney, suggesting conserved

renal distribution of NTPDasel amongst species.

In contrast to NTPDasel, NTPDase2 has a significantly higher (approximately 30-fold)
preference for the hydrolysis of ATP over ADP (Zimmermann, 2000). Kishore and
colleagues observed NTPDase2 labelling in tubular structures in kidneys from rats and
mice (Kishore et al, 2005). The present study has identified these tubular segments as the
TAL and the distal tubule, with some low-level enzyme expression in the inner medullary
collecting ducts. Staining in these regions of the nephron was not confined to the apical
membrane but was distributed throughout the cell cytoplasm. Co-localization of
NTPDase2 with the distal tubular marker (Calbindin D28k) was variable. This variation
in distribution might be explained by the fact that Calbindin D28k is present in both the
distal convoluted tubule and the connecting tubule (Bindels et al, 1991); given its
prominent expression in the TAL, it seems possible that NTPDase2 is expressed only in

the distal convoluted tubule and not the connecting tubule.

NTPDase3 was found in all of the post-proximal segments of the nephron examined,
including the TAL, the distal tubule and the collecting duct. In the cortical and outer
medullary collecting duct, this enzyme appeared to be confined to intercalated cells,
whereas in the inner medullary collecting ducts it was found in ‘principal’ cells.
Catalytically, this ectonucleotidase has a higher preference (approximately 3-fold) for the
hydrolysis of ATP over ADP (Zimmermann, 2000) .
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Currently, the functional significance of the distribution of NTPDases 2 and 3 is unclear.
However, the presence of NTPDasel in the glomerulus and peritubular space raises a
number of possibilities. In the glomerulus, ATP induces relaxation of pre-contracted
mesangial cells. NTPDasel (and other ectonucleotidases such as NPP3) may modulate
this activity (Jankowski et al, 2001), thereby influencing the capillary surface area
available for filtration. These enzymes may also influence other glomerular purinoceptor
responses such as P2Y-dependent cell proliferation of mesangial cells, or may serve in
the protection of these cells by preventing ATP levels reaching concentrations that

activate the apoptotic P2X receptor (Harada et al, 2000).

It is also possible that NTPDasel, along with ecto-5’-nucleotidase, is involved in tubulo-
glomerular feedback (TGF), whereby changes in renal perfusion pressure, or other causes
of altered NaCl delivery to the macula densa, ultimately cause compensatory changes in
afferent arteriolar resistance so that glomerular filtration rate is regulated (see section
1.2.2). ATP concentrations in renal interstitial fluid increase in response to elevations in
renal arterial perfusion pressure (Nishiyama et al, 2001), and ATP can act directly on
P2X, receptors on the afferent arteriole to induce constriction (Inscho et al, 2003).
However, strong evidence also exists for adenosine (acting via A, receptors) being the
chemical mediator in this response (Osswald et al, 1991; Schnermann et al, 1997). In this
context, it is possible that NTPDasel, expressed in the peritubular space, might convert
any unbound or excess ATP into AMP. The latter, being a suitable substrate for the
enzyme ecto-5’-nucleotidase, also expressed in the peritubular space (see below), could
then be converted to adenosine to cause or augment the vasoconstrictive response in
TGF.

5.4.2 Ectonucleotide pyrophosphatase phosphodiesterases 1-3

NPPs 1-3 are also able to catalyze ATP and ADP to AMP, but vary in their affinities for
the nucleotide substrates. Of these three well-characterized members, only NPP1 has

been identified previously in the kidney. Using immunohistochemistry, Harahap and
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Goding, (1988) showed strong expression of this enzyme in the basal epithelium of the
distal tubule of the mouse, with low-level staining in the proximal convoluted tubule.
The significance of its tubular expression in the nephron was not mentioned in their
study; however, its basolateral expression in the distal nephron, together with its catalytic
activity, suggests that this enzyme may also contribute to the signalling in the TGF
mechanism by producing the end-hydrolysis product AMP; which together with ecto-
5’nucleotidase (expressed in peritubular connective tissue) would form the TGF
signalling mediator adenosine. Although northern blot data have indicated the presence
of NPP2 mRNA in rat kidney (Fuss et al, 1997), lack of a suitable antibody precluded my
mapping the expression of either NPP1 or NPP2 along the rat renal tubule.

In the present study, prominent staining for NPP3 was observed in the brush-border
membrane of the proximal tubule. However, its expression in this part of the nephron
varied, as some positively identified proximal segments displayed little or no staining for
the enzyme. Subsequent co-localisation studies, using neutral endopeptidase (NEP)
antibody as a specific marker of the S3 segment in the rat (Edwards et al, 1999; Ronco et
al, 1988), showed prominent expression of NPP3 in every case, indicating that those
segments of the proximal tubule not staining for NPP3 are likely to be within S1 or S2
regions and that NPP3 is expressed predominantly in the S3 segment of the proximal
tubule. In addition to the proximal tubule, NPP3 expression was also found in glomeruli.
A unique feature of the NPP ectonucleotidases is their ability to hydrolyse the
phosphodiester bonds of nucleic acids, suggesting a protective role against blood-borne
DNA- or RNA-based viruses; alternatively, they may serve to salvage purines liberated

during injury or cell death (Zimmermann 2001a).

5.4.3 Ecto-5'-nucleotidase

Prominent immunostaining of ecto-5’-nucleotidase was identified in the apical membrane
of the proximal tubule. However, as with NPP3, staining was variable: not all positively

stained proximal tubular segments expressed ecto-5’-nucleotidase. Further investigation,
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again using the NEP antibody specific to the S3 segment of the rat proximal tubule,
showed that in contrast to NPP3 there was only modest and variable co-staining with
NEP. This suggests that the expression of ecto-5’-nucleotidase in the proximal tubule is
restricted mainly to the S2 and, possibly, S1 segments.

Kaissling’s group has reported high ecto-5’-nucleotidase activity in the S1 segment of the
proximal tubule of the rat, decreasing progressively in the S2 segment. In the outer stripe
of the outer medulla the S3 segment showed expression of ecto-5’- nucleotidase in most
but not all rats, whereas staining in the S3 segments of the medullary rays was either
weak or absent (Le Hir and Kaissling, 1989); this is consistent with the observations
made in the present investigation (Fig. 5.9C/D). If adenosine were to be produced by
either ecto-5’-nucleotidase or alkaline phosphatase in the proximal tubule, it would be
expected to activate the adenosine (A;) receptors also found in the proximal tubule
(Smith et al, 2001), resulting in increased sodium and water reabsorption (Wilcox et al,
1999).

In the present study, low-level staining for ecto-5’-nucleotidase was also seen in the
cortical and medullary collecting ducts. Some low-level staining of this enzyme was also
found in some, but not all, parts of positively stained distal tubular segments. As
previously indicated, Calbindin D28k is expressed in both the distal convoluted tubule
and the connecting tubule. Given that ecto-5’-nucleotidase is expressed in the collecting
duct, it seems possible that it is present in the connecting tubule, rather than the distal
convoluted tubule. Gandhi et al (1990) have attributed the sparse staining of this enzyme
in the connecting tubule and the collecting duct to intercalated cells, which accords with

the observations made in the present study.

If adenosine were produced in the distal tubule or connecting tubule, its functional
significance in these segments is not clear. In the collecting duct, Jackson et al (2003)
reported that adenosine formation was reduced when ecto-5’-nucleotidase activity was

inhibited, suggesting that, despite its low expression, this enzyme is functionally active in
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this nephron segment. Adenosine produced in the collecting duct may act to stimulate A,
receptors (which have been identified in the medullary collecting ducts) (Smith et al,
2001). Contrary to their effects in the proximal tubule, stimulation of collecting duct A;
receptors reduces sodium reabsorption (Yagil et al, 1994). Overall, renal A; receptor
inhibition is natriuretic and diuretic, because the effect on proximal tubular reabsorption

predominates (Wilcox et al, 1999).

Prominent ecto-5’-nucleotidase staining was also observed outside the tubule, in the
peritubular space. In an extensive previous study (Le Hir and Kaissling, 1989), this
peritubular staining was attributed to interstitial fibroblasts. Located between tubules,
peritubular capillaries and arteriolar smooth muscle cells, these fibroblasts may serve to
convert nucleotides (released from nerve endings and tubules) into adenosine. This
would affect nearby adenosine-sensitive tissues such as the renin-producing granular cells
and erythropoietin-producing cells (Le Hir and Kaissling, 1993). The possible role of
ecto-5’-nucleotidase in TGF has already been discussed. In this connection, ecto-5’-
nucleotidase knockout mice have been shown to have a blunted TGF response (Castrop et
al, 2004).

54.3.1 Nucleoside transporters

Adenosine produced in the nephron might travel downstream or, alternatively, be
removed from the lumen to be taken into renal epithelial cells via nucleoside transporters.
Nucleosides are hydrophilic and require facilitated transport in order to enter renal
epithelial cells. Sodium-dependent concentrative nucleoside transporters (Le Hir and
Dubach, 1984; Thorn and Jarvis, 1996) and equilibrative nucleoside transporters are
believed to be located on the proximal tubular apical and basolateral membranes,
respectively (Mangrative et al, 2003). Once inside the cell, adenosine can either traverse
the basolateral membrane or be converted into inosine. Further studies need to be

conducted to establish the existence of these nucleoside transporters in other tubular sites.
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Overall, it seems as though expression of adenosine receptors in the nephron coincides
with the presence of adenosine-producing ectonucleotidases, allowing the possibility that
these enzymes serve to produce adenosine to activate adjacent receptors. In addition, co-
expression of nucleoside transporters with these adenosine-producing enzymes in the
proximal tubule suggests an alternative function for the ectonucleotidases in
recycling/scavenging nucleotides released from cells or filtered at the glomerulus.
Moreover, the existence of nucleoside transporters on both the apical and basolateral
membranes on the same cell allows the transepithelial movement of adenosine, raising
the possibility that adenosine produced in the lumen of the tubule may move

transcellularly to stimulate adenosine receptors expressed on the basolateral membrane.

5.4.4 Renal ectonucleotidase expression under pathophysiological conditions

The expression of these enzymes can be up- or down-regulated under pathological
situations. For instance, Kaissling et al (1993), have reported glomerular ecto-5’-
nucleotidase activity following hypoxia in the rat kidney, whereas the enzyme was
undetected under normal conditions. Using immunohistochemistry, increased expression
of glomerular ecto-5’-nucleotidase has also been shown in patients with chronic allograft
nephropathy (clinically characterized by a slow, progressive decline in GFR, usually in
conjunction with proteinuria) (Mui et al, 2003 ). The same study also showed decreased

glomerular expression of NTPDasel in these patients.

The up-regulation of ecto-5’-nucleotidase under pathophysiological conditions would
increase adenosine which, since it prevents platelet aggregation, is a vasodilator and a
reactive oxygen species (ROS) scavenging agent, may serve to counteract the effects of
ischaemic damage (Kaissling et al, 1993). Okusa (2002) reported that stimulation of Aja
receptors on renal endothelial cells significantly reduced the expression of endothelial
intracellular adhesion molecule-1 (ICAM-1) (required for binding and activating
neutrophils, a key mechanism for pathogenesis during ischaemia-reperfusion injury).

Thus, under these conditions the increased levels of adenosine might serve to prevent
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inflammatory responses in the renal endothelium. Other adenosine receptors (namely As)
have been identified on mesangial cells of the glomerulus, the activation of which
resulted in apoptosis (Zhao et al, 2002). During pathophysiological conditions, apoptosis
would be favoured over necrosis, as the latter may augment inflammatory responses,

resulting in further tissue damage.

It is not clear why ATP-hydrolyzing ectonucleotidases (ecto-ATPases) are downregulated
in patients with chronic allograft nephropathy, particularly when studies have implicated
their having an anti-inflammatory role. In this context, in vivo experiments performed on
glomerular ectonucleotidase impaired mice demonstrated increased platelet aggregation
in glomeruli of nephritic kidneys (Poelstra et al, 1991). Similarly, platelet aggregation
was also increased when poorly hydrolysable ATP or ADP analogues were applied to the
glomeruli of nephritic kidneys of wild-type mice (Poelstra et al, 1992). It is worth noting
that an (unidentified) ecto-ATPase was shown to be highly sensitive to ROS generated
during tissue injury (Barbey et al, 1989), which might explain why these enzymes are
downregulated during these conditions. If so, this could contribute to the progression of

diseases like glomerulonephritis.

However, the converse is true in other tissues as mRNA transcripts for NTPDasel and
ecto-5’-nucleotidase were up-regulated in the brain of the rat following cerebral
ischaemia. This was mirrored by a rise in extracellular nucleotide hydrolysis. Under this
circumstance the up-regulation of these enzymes may serve several purposes, such as (i)
increasing the production of adenosine (a neuroprotective agent), (ii) increasing the
salvation of purines, and/or (iii) preventing the activation of cytolytic P2X; receptors by

high concentrations of ATP.
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5.5 Conclusion

Although the mRNA of many ectonucleotidases has been identified previously in the
kidney, the segmental distribution of the enzymes along the nephron remained largely
undefined. The present study showed that the distribution of the ectonucleotidases varied
significantly along the different regions of the nephron. Reasons for this pattern of
distribution are still unclear, but their varying hydrolysis pathways suggest that the
enzymes may be strategically placed so as to influence the activity of P2 and Pl
purinoceptors through the generation, or hydrolysis, of agonists such as ATP, ADP or

adenosine.

It is interesting that the hydrolysis pathway for some of these ectonucleotidases can
proceed directly from ATP to AMP (without releasing ADP as an intermediate); and that
the segmental distribution of these enzymes along the nephron is highly specific. For
instance, NTPDasel and NPP3 were found in the glomeruli, and NPP3 was found in the
pars recta; because both these enzymes (in addition to hydrolysing ADP) hydrolyse ATP
directly to AMP, it could be proposed that in these regions insufficient ADP is produced
to activate adjacent P2 receptor subtypes. In particular, the ADP-sensitive P2Y, receptor

is expressed in both these regions.

It is also interesting how AMP-producing ectonucleotidases are either co-expressed or
expressed immediately before the adenosine-producing ecto-5’-nucleotidase; and ecto-5’-
nucleotidase is predominantly found in the proximal tubule, where adenosine stimulates

Na' reabsorption, and in the collecting duct, where the opposite is the case.

On the basis of the above, it could be proposed that under basal/normal conditions,
ectonucleotidases function to prevent or limit the extent to which P2 receptors are
activated, thereby limiting the inhibiting effects of these receptors on electrolyte
reabsorption. Conversely, under pathological or other stimulatory conditions, release of

ATP may overwhelm the regulatory ectonucleotidases, and may in turn activate P2
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receptors, to reduce energy-consuming ion reabsorption. Future studies may use
ectonucleotidase knockout models, which, in conjunction with micropuncture techniques,
could be used to investigate the influence of ectonucleotidase expression on ion transport

in the kidney under physiological and pathophysiological circumstances.
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CHAPTER 6

FINAL DISCUSSION
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Over recent years, many studies have shown that activation of purinoceptors in the
kidney can influence renal functions such as glomerular haemodynamics, TGF and
tubular water and electrolyte reabsorption. In addition to these physiological actions,
extracellular nucleotides have also been implicated in pathophysiological conditions by
augmenting or inhibiting inflammatory responses, apoptosis and cell proliferation.
Although in vitro evidence suggests that ATP release does occur from renal epithelial
cells, no attempts have previously been made to quantify intraluminal ATP levels in vivo;
the extent to which apical P2 receptors are activated in the renal tubule was therefore
unknown. Renal epithelial cells in culture are often placed in a static environment and
are not exposed to the shear-stressed environments found in vivo; as a result, in an
attempt to adapt to the surrounding conditions, cultured cells may lose or change their
characteristic features/phenotypes. The present study, using micropuncture has been the
first to measure intraluminal ATP levels in vivo. It was shown that not only are ATP
levels detectable in the proximal and distal convoluted tubule, but, in the case of the
proximal convoluted tubule at least, are high enough to activate some P2 receptor

subtypes.

In a further investigation, using Munich-Wistar rats (which display surface glomeruli),
Bowman’s space fluid was sampled and assayed for ATP to assess whether the ATP in
the proximal tubule originated from plasma being filtered at the glomerulus. Because the
ATP concentration in filtered fluid was markedly lower (more than 4 fold) than that in
mid-proximal tubular fluid (a difference that could not be attributed to water
reabsorption), it was concluded that proximal tubular epithelial cells secrete ATP into

their luminal environment.

Although a number of mechanisms for ATP release have been suggested by studies using
a variety of cells and cell lines, no attempt has previously been made to examine the
mechanism by which ATP is released from proximal tubular cells. In the present study,
the potential for ATP release to occur via exocytosis was examined in a proximal
epithelial cell line originally derived from the S1 segment of the rat, using an intracellular

marker of ATP, quinacrine. In these cells, quinacrine fluorescence was granular and
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localized exclusively to the cytoplasm. This intracellular fluorescence was reduced
markedly following exposure to a hypotonic medium, while extracellular ATP
concentrations increased. These findings suggest that ATP is stored within the cytoplasm,
possibly in vesicles, and is released by exocytosis upon hypotonic exposure. However, it
should be emphasized that, because the current study used a tubular cell line, there is no
certainty that the findings represent ATP release mechanisms in native tissue. Moreover
the possibility of additional release mechanisms mediating ATP release in proximal

tubular epithelial cells cannot be ruled out.

Interestingly, the concentrations of ATP in distal tubular fluid were found to be markedly
lower than those in the proximal tubular lumen. There are several possible explanations
for this. First, the distal tubular ATP may simply be proximally secreted ATP that has
travelled down the nephron in the tubular fluid. Secondly, the distal tubule may secrete
ATP, but at a lower rate than the proximal tubule. Thirdly, the distal tubule may secrete
ATP at a similar rate to the proximal tubule, but may have a greater rate of degradation
due to higher ectonucleotidase activity compared with that of the proximal convoluted
tubule. Although the latter possibility was not directly assessed, immunohistological
analysis of ectonucleotidases at the protein level, showed strong expression of the ATP-
hydrolysing NTPDases 2 and 3 in the distal convoluted tubule; these ectonucleotidases
are known to have lower K, values than the ATP-hydrolysing ectonucleotidase found in
the proximal convoluted tubule, namely alkaline phosphatase. In addition, other studies
have reported that distal tubular epithelial cells in culture do release ATP into the
extracellular environment (albeit at lower rates than those found for the proximal tubules).
Taken together, these data suggest that ATP in the distal convoluted tubule is not derived
from that released upstream in the proximal convoluted tubule, but instead, either distal
tubular cells secrete less ATP than proximal tubular cells or distal tubules exhibit higher
ectonucleotidase activity. Unless ectonucleotidase activity could be selectively inhibited,

these two possibilities cannot be distinguished.

The present study assessed soluble nucleotidase activity within proximal tubular fluid as

a means of extrapolating ATP concentrations at time zero, before any degradation by
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soluble nucleotidases had occurred. Although their activity was not assessed in vivo, this
study nevertheless provided evidence that soluble nucleotidases are indeed active in
tubular fluid, and that the hydrolysis rates in fluids derived from proximal and distal
tubules are similar. It is possible that the soluble nucleotidase in proximal tubular fluid is
a cleaved soluble form of alkaline phosphatase. Because NTPDases 2 and 3 (identified in
distal tubule) do not have the potential to be cleaved and released as a soluble form, it is
possible that alkaline phosphatase, together with NPP3 (which is found in the pars recta
of the proximal tubule and also has the potential to be cleaved into a soluble form), is
responsible for the soluble nucleotidase activity observed in distal tubular fluid. However,
a contribution from intracellular nucleotidases (namely NTPDases 4-7) released from
intracellular compartments of renal epithelial cells, or indeed additional ectonucleotidases
which have the potential to be cleaved into a soluble form, cannot be ruled out. Although
the expression of five major ectonucleotidases, namely NTPDases 1-3, NPP3 and ecto-
5’-nucleotidase was examined by immunohistochemistry and found to be differential
along the major regions of the nephron, other newly discovered ectonucleotidases are
continually being identified; thus previously unknown ectonucleotidases may contribute

significantly to influencing ATP levels, and ultimately purinoceptor activation.

Finally, the present investigation showed that two pathophysiological manoeuvres,
namely haemorrhage and ECVE, caused no significant change to intraluminal ATP
concentrations. As discussed earlier, it is possible that ATP levels may have increased
during these conditions, but that the concomitant release of soluble nucleotidases may

have masked these changes.

Conclusion

It is clear from the present investigation that ATP is secreted from proximal epithelial
cells into the intraluminal environment of the tubule and that one of the potential release
mechanisms may involve exocytosis from ATP-containing vesicles stored in the
cytoplasm of these cells. Although the ATP levels found in the present study do not

represent those at the cell surface, the concentrations are nevertheless believed to be high
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enough to activate some P2 receptor subtypes (known from other studies to be expressed
along the nephron). In addition, an array of ectonucleotidases was found to be
differentially expressed along the nephron and may serve to influence activation of

tubular purinoceptors.

The release of ATP, presence of apical P2 receptors and expression of nucleotide
hydrolyzing enzymes strongly suggest a physiological role for extracellular nucleotides
acting from the lumen of the kidney. Although other studies have reported inhibitory
effects of intraluminal ATP on tubular reabsorption, its precise physiological role in the

nephron will be a matter for future investigations.
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