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Pacemaker Mechanisms Driving
Pyeloureteric Peristalsis:
Modulatory Role of Interstitial

Cells

Richard J. Lang and Hikaru Hashitani

Abstract

The peristaltic pressure waves in the renal pel-
vis that propel urine expressed by the kidney
into the ureter towards the bladder have long
been considered to be ‘myogenic’, being little
affected by blockers of nerve conduction or
autonomic neurotransmission, but sustained
by the intrinsic release of prostaglandins and
sensory neurotransmitters. In uni-papilla
mammals, the funnel-shaped renal pelvis con-
sists of a lumen-forming urothelium and a
stromal layer enveloped by a plexus of ‘typi-
cal’ smooth muscle cells (TSMCs), in multi-
papillae kidneys a number of minor and major
calyces fuse into a large renal pelvis. Electron
microscopic, electrophysiological and Ca**
imaging studies have established that the
pacemaker cells driving pyeloureteric peristal-
sis are likely to be morphologically distinct
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‘atypical’ smooth muscle cells (ASMCs) that
fire Ca®* transients and spontaneous transient
depolarizations (STDs) which trigger propa-
gating nifedipine-sensitive action potentials
and Ca’* waves in the TSMC layer. In uni-
calyceal kidneys, ASMCs predominately
locate on the serosal surface of the proximal
renal pelvis while in multi-papillae kidneys
they locate within the sub-urothelial space.
‘Fibroblast-like’ interstitial cells (ICs) located
in the sub-urothelial space or adventitia are a
mixed population of cells, having regional and
species-dependent expression of various Cl-,
K*, Ca® and cationic channels. ICs display
asynchronous Ca?* transients that periodically
synchronize into bursts that accelerate ASMC
Ca?* transient firing. This review presents cur-
rent knowledge of the architecture of the prox-
imal renal pelvis, the role Ca?* plays in renal
pelvis peristalsis and the mechanisms by
which ICs may sustain/accelerate ASMC
pacemaking.
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3.1 Introduction

Kidneys are thought to have first evolved in
freshwater bony fish. To maintain their body flu-
ids at osmotic concentrations greater than their
surrounds, freshwater fish, amphibians and rep-
tiles actively transport salt into their blood via
their gills or skin, while their kidneys produce a
dilute urine. In contrast, marine fish and reptiles
swallow seawater, actively eliminate salt across
their gills or via facial salt glands and excrete an
isotonic urine by reabsorbing salt and water in
their kidneys. Only birds and mammals can
excrete waste products in a hypertonic urine.
Birds concentrate their urine twice their blood
concentration, while human kidneys can concen-
trate urine about four times greater than blood
plasma. The kidneys of desert mammals can
excrete urine 10-20-fold more concentrated than
their blood plasma. The kidneys of the kangaroo
rat are so efficient, it obtains all the its water
needs from its food and respiration [1].

The mammalian kidney is a complex organ
consisting of up to a million filtrating units called
nephrons. Blood pressure forces blood through
the glomerulus capillary bed at the top of each
nephron. The glomerulus retains the red blood
cells, proteins and other large molecules, but
allows water, small molecules and waste prod-
ucts to pass into the surrounding Bowman’s cap-
sule which empties into the proximal tubule of
the nephron. Sugars, amino acids, and ions are
recovered by active transport in the proximal
tubule, while water and salts are reabsorbed in
the lower Loops of Henle which extend deep into
the renal medulla. The remaining fluid and meta-
bolic wastes are secreted as urine.

3.2  Ultrastructure of the Upper

Urinary Tract

In small mammals, urine produced by the neph-
ron units within a single ‘pyramid-shaped’ inner-
medulla/papilla complex is secreted into a
funnel-shaped renal pelvis which has a number
of radiating ‘finger-like’ spokes for attachment to
the kidney parenchyma (Fig. 3.1a). Between

these spokes the outer margin of the pelvis forms
a concave-shaped edge creating secondary
pouches between the pelvis and the kidney paren-
chyma. In sections of kidney, this region between
spokes appears as a thick ‘bulb’ ending of the
pelvis wall, while the spokes appear as long grad-
ually thinning tapers [2, 3]. To cope with the fil-
tering of relatively large volumes of blood, some
larger mammals have evolved compound
(humans, sheep and pigs) or discrete (whales and
seals) multi-papillae kidneys, so that urine is
expressed by a number of papillae into minor
calyces similar in appearance to a single-papilla
renal pelvis. These minor calyces fuse into sev-
eral major calyxes which fuse into a single renal
pelvis that extends to the ureter.

In single-papilla kidneys, the renal pelvic wall
consists of a lumen-forming squamous urothe-
lium, basal epithelial cells (BECs) and a thin
layer of stromal cells enveloped by a plexus of
‘typical’ smooth muscle cell (TSMC) bundles.
The BECs facing the proximal inner medulla are
squamous or low cuboidal in shape, contain a
large round nucleus, numerous dense bodies,
mitochondria and free ribosomes and long inter-
connecting projections to form a continuous
layer of cells [3, 4] (Fig. 3.1c, Supplementary
Video 3.1). BECs occupy the same morphologi-
cal space as cells that are intensely immunoreac-
tive to antibodies raised against the K,7.5
(KCNQS5) channel subunit [3, 5]. TMSCs,
intensely immunoreactive to antibodies raised
against o-smooth muscle actin (a-SMA), also
form a continuous layer of circumferentially ori-
entated bundles of densely packed cells adjacent
to the urothelium originating near the base of the
papilla and extending into the ureter [6-8].
K,7.5* BECs and TSMCs both increase in num-
ber and density with distance from the base of the
papilla so in regions distal of the fornix the renal
pelvis consists of a thick tightly packed transi-
tional epithelial layer enveloped by a thick TSMC
coat.

An additional layer of lightly o-SMA*
obliquely oriented ‘atypical’ smooth muscle cells
(ASMCs) locates on the serosal surface of the
renal pelvis wall of single-papilla kidneys. These
ASMCs are not arranged in bundles, but form a
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Fig. 3.1 The architecture of the ‘bulb’ region of mouse
proximal renal pelvis examined using FIBSEM tomogra-
phy. (ai) Single caudal section the mouse renal pelvis
illustrating that the funnel-shaped muscle wall (ai green,
aii) either forms ‘spoke-like’ attachments (star) to the
kidney parenchyma or ends abruptly as a ‘bulb’ (*). (bi)
Schematic of the focused ion beam scanning electron
microscope (FIBSEM) in which the X-Y surface of a

thin sheet of loosely arranged groups of cells
separated by a network of collagen connective
tissue. In multi-papillae kidneys, ASMCs form a
thin inner layer between the urothelial and TSMC
layers of each minor calyx [9, 10]. These ASMCs
extend over the renal parenchyma and fuse with
the TSMC layer to form a continuous layer
between minor calyces. In both single-papilla
and multi-papillae kidneys, the ASMC layer does
not extend past the pelviureteric junction into the
ureter [6, 8-11].

When viewed with a standard electron micro-
scope, TSMCs in single slices display a round
darkly stained cytoplasm due to the abundance of

ASMC Atypical smooth muscle cells

BEC Basal epithelial cells
Cap Capillary
IC Interstitial cell

NB Nerve bundle
RA Renal artery

RIC Renal interstitial cell

RV Renal vein

TSMC Typical smooth muscle cells
U Urothelium

block of the bulb region of the renal pelvis is repeatedly
milled in the Z direction (bii arrow) using the FIB, each
new X-Y surface is then imaged using the SEM. (c)
Similar-looking cells and structures within the block of
900 ortho-slice micrographs were identified, volume ren-
dered and colour coded for easy identification. Calibration
bars: 50 pm (bii), 0.5¢° nm (c¢). Figure from Hashitani
et al. [3]

numerous longitudinally arranged myofilaments
and a large oval-shaped nucleus. In contrast,
ASMCs are lightly stained due to their sparsely
distributed myofilaments separated by large areas
of clear cytoplasm containing small mitochon-
dria, granular endoplasmic reticulum and Golgi
cisternae [2, 6, 8, 10]. In single light or electron
micrographs, ASMCs appear to have a rounded
nuclear region with a number of radiating thin
projections and have previously been interpreted
as being ‘stellate’ or ‘spindle shaped’ (Fig. 3.2ai)
[6, 8, 12, 13]. The repeated milling of a block of
mouse renal pelvis and imaging of each new sur-
face using focused ion beam scanning electron
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Fig.3.2 Single cell reconstructions and close appositions
of ASMCs, TSMCs and ICs in the mouse renal pelvis. (ai)
Example of a single X-Y electron micrograph within a
stack of ortho-slices illustrating the morphological differ-
ence between ASMCs (ai red square) and TSMCs (ai
black square). (aii) Volume rendering all of the cells
within the same region reveals the structure and regions
occupied by TSMCs (dark green) and ASMCs (light
green) present. Typical examples of single or groups of
TSMC:s (bi, ci) and ASMCs (bii, cii) and their close appo-

microscope (FIB SEM) tomography (Fig. 3.1)
have established that volume-rendered TSMCs
are long cigar-shaped ‘spindles’ (Fig. 3.2bi). In
addition, the thin ASMC projections are in fact

sition with like cells, projected as being solid (bi, ii) or
relatively transparent (ci, ii) to reveal their volume-
rendered nuclei. (di, ii) Examples of close appositions of
TSMCs and ASMCs in the proximal renal pelvis. (e)
Micrographs of volume-rendered TSMCs, ASMCs and
serosal ICs (dark blue cells), in the bulb (ei) and mid
region (eii) of the renal pelvis to illustrate their architec-
ture and close appositions. Calibration bars: 0.5 pm (a),
0.3e* nm (bi), 2¢> nm (bii), le* nm (ci, ii, di), 0.2¢* nm
(dii), 2e"* nm (e). Figure adapted from Hashitani et al. [3]

continuous, resembling the rim of an irregular
saucer or a leaf [3] (Fig. 3.2bii) and forming close
appositions with neighbouring ASMCs and
TSMCs (Fig. 3.2¢, d) [3, 6, 8-10, 12, 13]. In the
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spoke attachments, ASMCs are loosely arranged
in a basket weave arrangement while in the bulb
region they are mostly orientated in the longitudi-
nal direction [3] (Supplementary Video 3.1). In
contrast, TSMC are mostly absent as the spoke
attachments approach the parenchymal tissue
[2,3,5,8,13].

As ASMCs are sparsely endowed with con-
tractile filaments and the relative number of
ASMCs, compared to TSMCs, decreases with
distance from the inner medulla to the ureteropel-
vic junction in both single- and multi-papillae
kidneys [8, 10], Dixon and Gosling proposed that
ASMCs might have a function different from
contractile TSMCs, that they may be the pace-
maker cells driving the movement of urine
towards the bladder [6, 9, 10, 12].

3.3  Pyeloureteric Peristalsis

The upper urinary system has evolved to trans-
port urine from the kidney to the bladder as the
absence of an active drainage would lead to the
development of back pressure-induced damage
and fibrosis within the inner medulla and kidney
parenchyma. This movement of urine occurs by
the means of spontaneous propagating peristaltic
contractions (pyeloureteric peristalsis). From the
earliest investigations into pyeloureteric peristal-
sis [14], it has been recognized that the upper uri-
nary tract exists as a syncytium and that the
excitation originates in the proximal renal pelvis
and travels distally towards the bladder [15-20].
As the papilla and inner medulla are not contrac-
tile, the hydrostatic pressure changes that occur
during these peristaltic contractions may also
have a ‘milking’ action to promote the secretion
of urine [7, 21]. The myogenic nature of pyelo-
ureteric peristalsis is also demonstrated by the
presence of spontaneous contractions in Vvivo
after denervation, or ex vivo after nerve conduc-
tion blockade [15, 22-24].

Propagating contractions and associated pres-
sure waves in the renal pelvis and ureter are pre-
ceded by an electrical impulse [16, 17, 25-28] that
is initiated at the pelvi-papilla border [19, 20, 29].
Early extracellular recordings from the porcine

multi-papillae kidney suggested that minor caly-
ces can discharge synchronously or asynchro-
nously [30] and that the calyx firing at the highest
frequency drives the pelvic contractions. The
excitation frequencies of the major calyces, renal
pelvis and ureter are multiples of the discharge
frequency within the dominate minor calyx [31—
33], thus creating a decreasing frequency gradi-
ent down the upper urinary system [27, 34-36].
Recordings in the multi-papillae sheep kidney
[37] using multiple-mapping electrodes have
demonstrated that excitation originates in only
one minor calyx to drive the wave of excitation
into the renal pelvis and that this site of initia-
tion moves spontaneously between calyces. If
two sites of excitation discharge near simultane-
ously, one site predominates, sometimes alter-
natively, blocking the conduction of the wave of
excitation from the other site. Complete or par-
tial conduction block of the waves of excitation
within the renal pelvis can also occur anywhere,
anytime [37].

Rodent uni-papilla kidneys display a similar
single origin of the wave of excitation in the most
proximal regions of the pelvi-papilla border [38,
39] that will dominate lesser sites of excitation
and which can spontaneously shift along the bor-
der. Spontaneous contractions can also randomly
originate in the mid and distal renal pelvis [22,
40]. In the rat renal pelvis, the peristaltic wave
travels from the pelvi-papilla border to the mid
renal pelvis and often triggers a number of addi-
tional high frequency contractions that can travel
in both antegrade and retrograde directions [2,
23, 41]. When the pacemaker drive from the
proximal region of uni-papilla or multi-papillae
kidneys is prevented upon transection [22, 42,
43] or upon pharmacological blockade of
hyperpolarization-activated cation nucleotide
gated (HCN) channels [38, 39], the more distal
regions readily trigger waves of excitation.

Circumferentially oriented strips cut from the
uni-papilla renal pelvis [44—46] or from the
minor and major calyces and renal pelvis of
multi-papillae kidney [47] contract spontane-
ously in vitro at the same frequency when they
are obtained from the same distance from the
inner medulla pelvis border. However, their



82

R.J.Lang and H. Hashitani

contraction frequency decreases as they are cut
from regions increasingly more distal of the inner
medulla/papilla complex(es) [18, 36, 45-48].
Stretch of strips of renal pelvis and ureter
increases contractile force to an optimal maxi-
mum muscle length, beyond which muscle force
decreases [22, 49]. This stretch-induced increase
in muscle tone in human and sheep renal pelvic
strips is associated with an increase in contrac-
tion frequency [50], but not in strips from the rab-
bit [51] or guinea pig [15, 22] renal pelvis.
However, urine volume or wall stretch appears to
increase the likelihood of a one-to-one propaga-
tion of excitation from the renal pelvis into the
ureter [32, 52].

The decreasing frequency of the spontaneous
contractions in strips from uni-papilla renal pel-
vis and the minor and major calyces and renal
pelvis of multi-papillae kidneys contraction with
distance from the inner medulla/papilla
complex(es) [6, 810, 12] has been suggested to
arise from the decreasing number of ‘pacemaker’
ASMCs [6, 44] and with the increasing number
of TSMCs expressing ‘refractory’ K* membrane
conductances [8, 53]. Alternatively, these data
have led to the concept of ‘latent’ pacemakers
[20], which some suggest arise from the pace-
maker activity of intrinsic interstitial cells (ICs).

Sub-urothelial and Serosal
ICs

3.4

Light and electron microscopy has established
that ‘fibroblast-like” ICs in the rodent renal pelvis
are sparsely distributed in both the adventitia and
sub-urothelial space, separated by regions of
dense bundles of collagen [8, 13]; the absence of
any fibronexus indicating that they are not myofi-
broblasts. These ICs display numerous caveolae,
an incomplete basal lamina and many other mor-
phological characteristics used previously to dis-
tinguish interstitial cells of Cajal (ICC) in the
gastrointestinal tract [8]. Volume rendering of
ICs imaged in serial sections of mouse renal pel-
vis using FIBSEM tomography reveals that they
are in fact ‘ribbon shaped’, that they make close
appositions with like cells, as well as neighbouring
ASMCs and TSMCs (Fig. 3.2e), and that they

increase in number with distance from the papilla
base [3, 8] (see Supplementary Video 3.1).

Immunohistochemical analysis of the mouse
renal pelvis has established that ICs represent a
mixed population of cells that has yet to be fully
characterized. Like ICC, some a-SMA~ ICs are
intensely immuno-positive for antibodies against
the Ca®*-activated C1~ channel protein Anol and
mildly immuno-positive for Ky7.5 antibodies [2,
5]. These a-SMA~ Anol* K7.5" ICs are likely to
be the freshly isolated ICs that display spontane-
ous niflumic acid-sensitive transient Cl~ currents,
as well as voltage-dependent K* current sensitive
to the K,7.x channel blocker XE911 when
recorded using patch clamp technology [5].
These Anol* Ky7.5* ICs do not appear to have
the same distribution as a-SMA~™ intensely
PDGFRa-eGFP* ICs in the lamina propria and
serosa of the renal pelvis of B6.129S4-
Pdgfro/m!EGFPsor/T mice [3]. Interestingly, the
nuclei of serosal ASMCs displaying spontaneous
Ca** transients also lightly express PDGFRa-
eGFP fluorescence (H Hasitani & RJ Lang
unpublished observations), suggesting that
PDGFRa-eGFP* cells in the mouse real pelvis
are not a homocellular population.

3.4.1 Cay3.x*HCN3*ICs

In coronal sections of the mouse renal pelvis, ICs
immunoreactive to antibodies against T-type volt-
age-dependent Ca** channel (TVDCC) Cay3.1
(Cay3.1%) are selectively located in the same proxi-
mal regions as ICs that are also immunoreactive to
antibodies raised against HCN isoform 3 channel
subunits (HCN3*) [3]. Indeed, HCN3 staining has
been co-located with Cay3.1 channel immunore-
activity in the mouse renal pelvis [39] and Cay3.2
channel immunoreactivity in porcine and human
multi-papillae kidneys [54]. There appears to be
some confusion as to whether Cay3.1 or HCN3
staining also co-locates with a-SMA immunoreac-
tivity. HCN3* cells have been reported to be ‘inte-
grated’” within the smooth muscle layer of the
proximal region of the mouse renal pelvis [38, 39]
and the minor calyces of porcine and human kid-
ney [54]. In our hands, Cay3.1* ICs are clearly not
a-SMA positive and lay only in the sub-urothelial
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space of the proximal renal pelvis [3]. In contrast,
Hurtado et al. reported that HCN3* Cay3.1* cells
are also a-SMA* [38]. In the minor calyces of the
porcine kidney, HCN3* cells display both a-SMA
and Cay3.2 immunoreactivity, while HCN3*
Cay3.2* cells in the human minor calyces don’t co-
locate with a-SMA immunoreactivity [54]. In
spite of pharmacological evidence of the effects of
the likely presence and blockade of Cay3.2 chan-
nels on Ca®* signalling and contractility of the
mouse renal pelvis [3], we and others [38, 39] have
yet to demonstrate the presence of Cay3.2 channel
immunoreactive product. Thus, the results
obtained to date using presently available antibod-
ies and methodologies appear to have some selec-
tivity issues that have yet to be resolved.

3.4.2 Kit Staining in the Upper
Urinary Tract

A number of researchers have reported the pres-
ence of spindle-shaped ICs in sectioned material
of various regions of the ovine, rat [55], porcine
[56], human [57, 58], mouse [59, 60] upper uri-
nary tract that are immunoreactive to antibodies
raised against the tyrosine kinase receptor Kit,
the selective marker of ICC. In the mouse renal
pelvis, this Kit* staining is found predominately
in the serosal adventitia and less often in the mus-
cle, sub-urothelial layers and urothelium [59, 60].
The intensity of this Kit staining also decreases
slightly with distance from the papilla border [55,
57]. This Kit staining does not co-locate with
markers for endothelial and epithelial cells, mac-
rophages, hemopoietic/progenitor stem cells or
mast cells [55, 57, 61]. When not tested immuno-
histologically, Kit" mast cells are readily identi-
fied by their distinctive circular shape [8, 62].

In the guinea pig renal pelvis, fibroblast-like
ICs are readily identified using standard electron
microscopy, while Kit antibodies only stain mast
cells [8]. Recently, we have demonstrated that Kit
(CD117 or AK?2) staining in whole mount or sec-
tioned preparations of mouse renal pelvis readily
co-locates with the neuronal marker PGP9.5 [2,
5]. Thus, we have suggested that Kit staining of
neurons in low-resolution light micrographs of
sectioned material may well appear as ‘spindle-

shaped’ Kit* cells. Kit staining of sectioned neural
tracts may also explain the appearance of Kit
staining during the functional development of the
mouse upper urinary tract [60, 63] and its loss
with obstruction [62, 64, 65] (see Sect. 3.9). A
more rigorous examination of whether Kit and
neuronal markers co-localize [55, 56] is required
in both normal and pathological samples of the
upper urinary tract, as well as animals that display
a fluorescent reporter protein in cells that exclu-
sively express Kit (e.g. Kit”«PSF* mice) [66].

3.5 Spontaneous Activity
in the Upper Urinary Tract
3.5.1 Typical Smooth Muscle Cells

Early extracellular electrode [16, 17, 25-28],
sucrose gap [36, 67-69] and intracellular micro-
electrode [8, 53, 70-75] recordings established
that the upper urinary tract display spontaneous
electrical activity and that migrating contractions
associate with action potentials consisting of an
initial rapidly-rising spike and a long plateau
(Fig. 3.3ai, aii) [67, 68, 76-78], which in the
guinea pig also triggers a number of additional
high frequency spikes [8, 71, 73, 79, 80]. These
action potentials that propagate down the renal
pelvis (Fig. 3.3ci, cii) into the ureter are associated
with a propagating Ca®* wave within long spindle-
shaped TSMCs (Fig. 3.4ai) [8] and it’s this rise in
Ca?* that underlies the propagating contractions
[77, 78, 81]. When viewed at higher magnifica-
tions, TSMC Ca** transients occur almost simulta-
neously along the length of each cell, while the
wave propagates between cells in a direction per-
pendicular to their long axis (Fig. 3.4aii, b) [77],
resulting in near simultaneous action potential dis-
charge and contraction in the transverse axis of the
renal pelvis and a slow propagation (at a velocity
of 1.5-2 mm-s~!) of excitation in the longitudinal
axis (Fig. 3.4b) [77, 82, 83].

The action potentials and contractions in the
mouse and guinea pig renal pelvis are dose-
dependently reduced then abolished by the
L-type voltage-dependent Ca**  channel
(LVDCC) blocker, nifedipine (1-10 pM) [73,
77, 78, 84] in a manner associated with a
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ai ci

A

Fig. 3.3 Electrical recordings in the mouse renal pelvis.
(a) Simultaneous recording of electrical (ai) and contrac-
tile (aii) activity illustrating that only action potentials and
not STDS are associated with muscle contraction. (b)
Recordings of superimposed STDs in the presence (bi)
and absence (bii) of 1 pM nifedipine, illustrating their
variable summation (bi) and triggering (bii) of an action

membrane depolarization of some 5-10 mV
[79]. In the mouse renal pelvis, LVDCC block-
ade (1-3 pM nifedipine) reduces TSMC Ca*
waves (Fig. 3.4ci, cii) and contraction ampli-
tude [3], while blockade of TVDCCs (with
MI218, mibefradil, NNC55-0396 or R(-)efoni-
dipine) reduces contraction frequency [3, 39].
The blockade of Cay3.2 channels with low con-
centrations (10 uM) of Ni** [85] also reduces
contraction frequency without affecting their
amplitude [3]. Higher concentrations of Ni*
(100-300 pM) evoke a transient acceleration of
TSMC Ca?* activity associated with a transient
rise in the basal Ca?', followed by gradual
reduction in contraction frequency [3].
Blockade of both LVDCCs and TVDCCs (with
1-3 pM nifedipine and 10100 pM Ni?*) is nec-
essary to completely arrest contractile activity
and its underlying TSMC Ca?* transients in the
mouse renal pelvis [3].

3.5.2 Atypical Smooth Muscle Cells

Intracellular microelectrodes impalements of
the renal pelvis of the mouse, guinea pig and rat
reveal that spontaneous transient depolariza-

potential. (biii) Superimposed action potentials to illus-
trate their time course. (ci, ii) Simultaneous recordings
from two intracellular microelectrodes 240 pm apart illus-
trating that only action potentials propagate. (d) Recording
of IC action potentials in the distal renal pelvis bathed in
1 pM nifedipine containing physiological salt solu-
tion, note the large difference in time scale

tions (STDs) of a simple waveform and varying
amplitude [74, 79, 86] are recorded in spindle-
shaped ASMCs (Fig. 3.3ai, bi, and ci) [8, 23,
77]. These STDs are recorded most often in the
‘spoke-like’ attachments and bulb regions of the
proximal renal pelvis [3, 8, 87]. Their likelihood
of being recorded and their frequency of dis-
charge also decreases with distance from the
pelvis papilla border (Fig. 3.3c), they have never
been recorded in the ureter [8, 87]. STDs, firing
at a high frequency (5-30 min™!) are often
(Fig. 3.3ai, ci) but not always present between
the spontaneous TSMC action potentials
(5-12 min™"), are not associated with muscle
contraction (Fig. 3.3ai) and are little affected by
the LDVCC- and TDVCC-independent Ca*
entry blockers (Fig. 3.3ai), La** (or Gd*) [78]
which blocks Ca?* signalling in the rabbit ure-
thra [88].

In the nifedipine (1 pM)-arrested mouse renal
pelvis loaded with Ca** fluorophores fluo-4 or
Cal 520, high frequency but slowly propagating
intercellular Ca** waves are recorded in short
cells at the same frequency as STDs and in the
same adventitial region [77, 78] as ASMCs iden-
tified with standard electron microscopy or
FIBSEM tomography [3] (see Supplementary
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Fig. 3.4 Ca’> waves in typical smooth muscle cells
(TSMCs) of the renal pelvis a sequential Ca*" fluores-
cence intensity micrographs of a fluo-4 loaded TSMC
layer (time intervals of 66 ms at x20 (ai) or x60 (aii) mag-
nification). The Ca’* wave is clearly seen as a transient
increase in Ca** intensity propagating across the field of
view; the arrow indicates a single TSMC. (bi)

Video 3.2). These ASMC Ca’ transients
sometimes propagate into neighbouring similar-
shaped cells if located on their longitudinal axis
and are only reduced, not blocked by 3—-10 pM
nifedipine. When bathed in 1 pM nifedipine and
100 pM Ni** the parameters (amplitude, fre-
quency %2 width and integral) describing the time
course of these ASMC Ca* transients are fitted
by single Gaussian distributions (Fig. 3.5bi-biv)
suggesting a single population of cells. ASMC
Ca?* transients are mostly asynchronous but
appear to burst synchronously every 3—5 min.
During these bursts the ASMC basal Ca** rises,
the frequency of these ASMC Ca?* signals

Superimposed fluorescence intensities of the three regions
(a—c) in ai plotted against time. (bii) Correlation of the
Ca®" waves recorded at a and ¢ (separation 110 pm) show
ahigh degree of 1:1 synchronicity. (¢) Ca®* waves recorded
at two positions in a field of view (ci) were reduced but not
completely blocked in 1 pM nifedipine (cii). Figure taken
from Lang et al. [77]

doubles, while their other parameters are little
affected (Fig. 3.5aiii) [3].

Contraction and action potential discharge in
the guinea pig renal pelvis [82] and the firing of
STDs and ASMC Ca* transients in the mouse
renal pelvis [78] are dependent on the influx of
external Ca®*, sarcoplasmic endoplasmic reticu-
lum Ca**-ATPase (SERCA)-dependent uptake of
Ca’ into internal stores, IP;-dependent release
from these endoplasmic reticulum stores and the
cyclic movement of Ca** through mitochondria
[89]. Contraction amplitude and frequency in the
guinea pig renal pelvis [82] are little affected by
30 pM ryanodine, the blocker of ryanodine-
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Fig. 3.5 Comparison of spontancous Ca’* transients in
ICs and ASMCs in the mouse renal pelvis. (ai) Typical
field of view of cells bathed in 1 pM nifedipine: 100 pM
Ni**-containing physiological salt solution. Ca** transient
activity (F,/Fy) in three ICs (ai region of interest (ROIs)
1,2,5, aii) and two ASMCs (ai ROIs 3,4, aiii) plotted
against time separately (aii, iii) and together (aiv). (bi-iv)
Frequency distributions of four measured parameters of
63 ICs (blue columns) and 62 ASMCs (black columns)

sensitive Ca®* release channels. The amplitude,
Y2 width and synchronization of STDs in the
mouse renal pelvis are also reduced by ryanodine
(30-100 pM) which reduces their ability to sum
into a depolarization sufficiently large to trigger
an TSMC action potential [78]. However, ryano-
dine (100 pM) has little effect on any ASMC Ca*
transient parameters [78]. These minor inhibitory
effects of ryanodine have been confirmed using
tetracaine which blocks ryanodine-sensitive Ca*
release in the rabbit urethra [88, 90] and corporal
tissue of the guinea pig penis [91]. In 17 ASMCs
from six preparations of mouse renal pelvis
bathed in 1 pM nifedipine and 100 pM Ni*, tet-
racaine (100 pM) reduces the amplitude and

finaAASMCICPArameters

recorded between bursts were fitted (by least squares)
with 1 (b red line ASMC) or 2 (b green line ICs) Gaussian
distributions. ICs display spontaneous low frequency Ca**
transients that synchronize into bursts every 3-5 min.
Neighbouring ASMC:s displaying higher-frequency spon-
taneous Ca’* transients, also accelerate their firing in syn-
chrony with the bursting ICs. Figure adapted from
Hashitani et al. [3]

integral of their Ca?* transients by only
22.2 +3.4% and 22.7 + 3.3%, respectively, while
their ¥2 width and frequency (0.2 + 1.4 and
33.5 + 32.8%, respectively) are not significantly
altered (Fig. 3.6).

3.5.3 Interstitial Cells

A third pattern of action potential activity has
been recorded in both the mouse and guinea pig
renal pelvis. These action potentials display par-
ticularly long plateaus, occur at a frequency of
0.2—-1 min~!, are not associated with TSMC con-
traction [77] and have been demonstrated to arise
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Fig.3.6 IC Ca*
transient activity and
synchronicity (a) are
more sensitive than
ASMC Ca?* transients
(b) to tetracaine or
ryanodine, blockers of
CICR from internal
stores. Ca®* transient
activity (F,/Fy) in 9 ICs
(aROIs 1-9) and 4
ASMCs in a separate
experiment (b) plotted
against time (7),
preparations bathed in
1 pM nifedipine:

100 pM Ni**-containing
physiological salt
solution. Scale bar in a
left panel represents
50 pm

a 9ICs

b 4AsSMCs

from irregular-shaped ICs [8, 24]. During intra-
cellular microelectrode impalements, IC action
potentials and STDs can be recorded concur-
rently with TSMC actions potentials. STDs and
residual IC depolarizations (‘slow waves’)
(Fig.3.3d) can also readily be recorded after
blockade of TSMC discharge with nifedipine
[77]. These observations confirm that the cells
generating all three electrical events are electri-
cally coupled in a syncytium and that the varying
amplitude and time course of STDs and IC action
potentials merely reflects the varying distance
between the site of their generation in the syncy-
tium and the recording electrode.

Upon blockade of TSMC Ca?* signalling and
contraction in the mouse renal pelvis, IC Ca*
transients are mostly recorded in the bulb region
and in regions more distal [77, 89]. Previously
the use of fluo-4 reveals only a few (1-5) ICs dis-
playing Ca?* transients per field of view (x40-60
magnification) [77]. More recently, the use of Cal
520 with its grater fluorescence, penetration and
loading reveals that each field of view contained
many more ICs (Fig. 3.4) [3] (see Supplementary
Video 3.2). Upon blockade of LDVCCs and
TVDCCs with 1 puM nifedipine and 100 pM Ni?*,

1Ft/FO

2 min

100 uM Tetracaine

\0.5 Ft/FO

2 min

100 uM Tetracaine

IC Ca* transients separated by 20-200 pm fire
asynchronously, but display synchronized burst-
ing behaviour every 3-5 min (Figs. 3.5 and 3.6)
[3]. The parameters of the time course of IC Ca*
transients between bursts are best described by
two Gaussian distributions, firing at frequencies
of 1.1 and 3.5 min~!, respectively (Fig. 3.5bi-
biv), suggesting the presence of two populations
of ICs [3]. However, the low frequencies of dis-
charge of these two IC populations during our
recording periods (typically 10-20 min) has not
allowed any further discrimination based on their
sensitivity to test agents.

3.6 Pacemaker Mechanisms
in ASMCs and ICs
3.6.1 ASMCs

It seems likely that the initial trigger of the ASMC
pacemaker signal involves the spontaneous
release of a ‘packet’ of Ca’* from internal stores
that triggers the opening of a small number of
Ca?*-activated inward channels, resulting in a
small ‘unitary” STD and the influx of Ca®
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through a nifedipine-insensitive Ca** pathway
[78]. The 50% decrease in frequency but not
blockade of ASMC Ca?* transient firing when
100 pM Ni?** is added to the mouse renal pelvis
exposed to only nifedipine [3] suggests that Ca*
entering through TVDCCs enhances a more
global release of Ca®* from sarcoplasmic/endo-
plasmic reticulum stores via Ca** release chan-
nels coupled to both IP; receptors and ryanodine
receptors using Ca**-induced Ca** release (CICR)
mechanisms [78, 92]. In the absence of LDVCC
blockade, this entrainment would result in more
frequent and larger ASMC Ca?* transients and the
summation of larger STDs into pacemaker poten-
tials large enough to trigger the opening of TSMC
LDVCCs, the firing of regenerative action poten-
tials (Fig. 3.3bii) and the propagation of Ca*
waves and contraction [77, 93].

3.6.2 ICs

Ca?* transients in ICs in the same field of view are
equally sensitive as ASMCs to the removal of
Ca?* from the bathing solution, blockade of
SERCA with cyclopiazonic acid or the blockade
of IP; receptor signalling with 2-APB [78].
However, in contrast to ASMC’s partial sensitive
sensitivity to ryanodine, IC Ca?* transient dis-
charge and their bursting behaviour are com-
pletely abolished by ryanodine [78] or profoundly
reduced in tetracaine (Fig. 3.6a). This suggests
that ICs differ fundamentally from ASMCs in
their greater dependence on Ca?* influx through
TDVCCs and CICR from ryanodine-sensitive
Ca?* release channels.

This apparent greater dependence of IC Ca**
signalling on CICR from ryanodine-sensitive
stores and nifedipine-insensitive Ca?* entry has
been examined using various concentrations of
the TVDCC blocker Ni?*. Given the 70-fold dif-
ference in the ICs, of Ni** for Cay3.2 and Cay3.1
channels (5 and 350 puM, respectively) [85], the
near complete blockade of TSMC Ca’* waves
and contraction in the presence of 10 pM Ni**
plus nifedipine suggests the presence of active
Cay3.2 channels in the TSMC layer. In addition,
100 pM Ni** would be expected to completely

block Cay3.2 channels, but only partially block
Cay3.1 channels. IC Ca** transients in the pres-
ence of 100 pM Ni?* plus nifedipine are abol-
ished upon the addition of the HCN channel
blocker, ZD7288 [3]. Blockade of HCN channels
may well lead to IC hyperpolarization to poten-
tials negative of the opening threshold of any
residual Cay3.1 channels and reduce Ca’* entry.
The co-location of immunoreactive product for
HCN3 and Cay3.1 [39] in sub-urothelial ICs in
the mouse proximal renal pelvis [3] suggests that
voltage-dependent Ca?* entry through Cay3.1
channels which triggers CICR from ryanodine-
sensitive internal Ca?* stores is essential for IC
Ca?* signalling [78], and that HCN3 channel-
mediated depolarization contributes to the open-
ing of these Ca*" channels [93, 94]. However,
single ICs of the mouse renal pelvis have not yet
been demonstrated electrophysiologically to dis-
play either Cay3.1 or HCN currents [5], even
though TVDCC currents have been recorded in
prostatic and urethral myocytes [95] and HCN
currents in cultured mouse dorsal root ganglia
(RJ Lang unpublished data) under similar
conditions.

3.7 ICModulation of ASMCs

When bathed in 1 pM nifedipine and 100 pM
Ni?*, the most distinguishing property of the ICs
was their ability to convert their asynchrony
activity into synchronous bursts every 3-5 min
(Fig. 3.5aii) [3]. This bursting behaviour occurs
in cells that have no apparent close appositions,
being often separated by 20-200 pm (Figs. 3.5ai
and 3.6a). These bursts of IC Ca?* transients also
correlate in time with the accelerated activity and
change in baseline of ASMCs within the same
field of view (see Supplementary Video 3.2). This
periodic acceleration of ASMC Ca?* transient fir-
ing is blocked when IC Ca* transients are
reduced by teracaine (Fig. 3.6b) or when gap
junction cell-to-cell coupling is blocked by car-
benoxolone [3]. However, the asynchronous fir-
ing of both cell types remains in carbenoxolone,
albeit at a reduced level [3, 96]. Thus, it appears
that ICs enhance the firing of neighbouring
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ASMC:s. A small increase in TSMC basal Ca’* is
also sometimes observed during these bursts of
IC Ca?* transients [3] which presumably also
raises the excitability of the smooth muscle layer.

In the presence of both LVDCC and TVDCC
blockers, the spread of excitation between ICs
and their neighbours is likely to be intercellular
and slowly voltage dependent, arising solely
from the Ca**-activated membrane currents trig-
gered by the spontaneous IC Ca* transients [5].
In the absence of LDVCC blockade, additional
Ca?* influx may well result in spontaneous IC
Cl-selective depolarizations that are more fre-
quent and larger, which more effectively acceler-
ate ASMC activity. They may even provide a
constant influence on ASMC STD firing. As the
number of ASMCs and ICs decrease and increase,
respectively, with distance from the papilla pelvis
border this IC influence may also increase with
distance; even take over in the absence of a proxi-

mal pacemaker drive, i.e. act as ‘latent

pacemakers’.

3.8 Promoters of Pyeloureteric
Peristalsis

3.8.1 Prostaglandins

It is well established that the intrinsic release of
prostaglandins (PGs) is essential for maintaining
spontaneous or evoked contractions in the upper
urinary tract [24, 97]. The application of pros-
tanoids has both positive and negative effects on
upper urinary tract contractility. Applied PGF,,
tends to have an excitatory action on contractil-
ity in the upper urinary tract, PGE, tends to be
inhibitory, while the effects of PGE, are more
variable [24, 97]. In contrast, inhibition of PG
synthesis with indomethacin decreases the spon-
taneous contractility in the renal pelvis and the
spontaneous or evoked contractions in the ureter
of various laboratory animals and human [24,
97], as well as reduces the release of cyclooxy-
genase products such as PGF,,, 6-keto PGF,,,
PGI, and thromboxane B,, [98, 99]. This block-
ade of contractility in the mouse and guinea pig
renal pelvis does not arise from a blockade of

conduction pathways as originally suggested by
Thulelius et al. [28]. Blockers of cell-to cell cou-
pling, 18p-glycyrrhetinic acid and carbenoxo-
lone, rapidly prevent the propagation of action
potentials, Ca** waves and contractions in the
TSMC layer [3, 96]. In contrast, TSMC action
potential discharge and contraction in the pres-
ence of indomethacin can readily be restored by
nerve stimulation or the PGF,, analogue, dino-
prost [75].

The indomethacin-induced decrease in con-
tractility in the renal pelvis arises from a decrease
in the duration and frequency of the spontaneous
action potentials due to an increase in the failures
of underlying STDs to trigger an action potential
[75]. In the mouse renal pelvis, the firing and
synchronous bursting of IC Ca?" transients are
markedly reduced by indomethacin, which is
associated with a 37-46% reduction in the ampli-
tude and frequency of ASMC Ca** transients
(Fig. 3.7b) [3] and a near complete blockade of
their IC-evoked bursting behaviour (Fig. 3.7a).
This reduction in ASMC Ca** transients presum-
ably reduces the frequency and amplitude of the
Ca**-activated membrane conductances underly-
ing STD discharge and summation, essential for
the triggering of TSMC action potential dis-
charge. This reduction of IC Ca?* transients,
ASMC activity and pyeloureteric peristalsis upon
cyclooxygenase inhibition suggests that their
spontaneous activity is being fuelled by an auto-
crine/paracrine mechanism (Fig. 3.7c). It seems
likely that locally released prostacyclins bind to
G protein-coupled receptors on both ICs and
ASMC:s to contribute to the hydrolysis of phos-
phatidylinositol 4,5-bisphosphate (PIP,) and IP;
formation that drives their Ca’* cycling [100].

A number of non-steroidal anti-inflammatory
drugs (NSAIDs) which inhibit cyclooxygenase
(COX)-arachidonic acid mediated production of
eicosanoids also have various subunit-selective
excitatory and inhibitory actions on K7.x chan-
nels [101]. In the mouse renal pelvis, intense
Ky7.5 immunoreactivity is present in BECs,
while Anol* ICs appear moderately K,7.5
immuno-positive; both cells populations form
close appositions with neighbouring TSMCs
(Fig. 3.9). In single Ky7.5%, Anol* ICs from the
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Fig. 3.7 Blockade of
prostaglandin synthesis
inhibits the firing and
synchronous bursting of
IC Ca* transients
associated with a similar
blockade of ASMC Ca**
transient bursting, but
only a 50% reduction in
their amplitude and
frequency. Ca®* transient
activity (F,/Fy) in three 4
ICs (a) and 4 ASMCs
(b) in the same field of
view plotted against
time (7). Preparation
bathed in 1 pM
nifedipine: 100 pM
Ni’*-containing
physiological salt c
solution. (¢) Schematic
of paracrine (red
arrows) and intercellular
(orange arrows)
pathways that ICs may
modulate their own
activity, ASMC
pacemaking and TSMC
contractility

a 4ICs

b 4ASMCs

mouse renal pelvis, the K7 channel modulator
meclofenamic acid partially decreases an Ik that
is abolished by the general Ky7 channel blocker,
Xe991 [5]. K7 channel blockers Xe991 and
linopirdine increase, while flupirtine a Ky7 chan-
nel activator decreases the frequency of TSMC
contractions in the mouse renal pelvis. However,
the excitatory effects of the linopirdine requires
the previous blockade of intrinsic primary sen-
sory nerves (PSNs) [2] as linopirdine also directly
activates the capsaicin receptor TRPV1 [102].
The selective activation of Ky7.2 or Ky7.4 sub-
units with ML-213 (230-510 nM) also signifi-
cantly decreases the amplitude and frequency of
renal pelvis contractions in a manner reversed
upon the addition of XE991 (M.J. Nguyen and
R.J. Lang unpublished data). These preliminary
pharmacological data suggest that native Ky7
(‘m-current’) channels in the renal pelvis are
likely to be hetero-multimeric Ky7.2-5 channels

30 uM Indomethacin

|0.5 Ft/FO

Serosal IC

A,

— Paracrine «<-» Intercellular

constructs which have yet to be fully character-
ized or examined for their therapeutic potential.

3.8.2 Primary Sensory Nerves

The tonic release of neuropeptides from PSNs is
essential for maintaining spontaneous activity in
the renal pelvis [24, 97, 100]. Unmyelinated
C-fibres and poorly myelinated Ad-fibres [103]
are distributed throughout the upper urinary tract
of many mammals, innervating the adventitia,
smooth muscle, epithelial layer and blood vessels
[2, 104]. The relative proportion of immunoreac-
tivity for tachykinins and calcitonin gene-related
peptide (CGRP) neuropeptides are in equal quan-
tities in nerve terminals of the guinea pig [105,
106] and human ureter [106, 107] but present in a
ratio of 1:3, respectively, in rat ureter [105]. The
rat renal pelvis also contains at least four distinct
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Fig. 3.8 Effects of primary sensory nerve (PSN) stimula-
tion and bath-applied calcitonin gene-related peptide
(CGRP) on spontaneous contractions of the mouse renal
pelvis. Trains of PSN stimuli (50 Hz, 1 s; triangles) reduce
the frequency but increase the amplitude of the spontane-
ous contractions (Aa). Tetrodotoxin (TTX 3 uM), reduces

populations of PSNs, based on their relative neu-
ropeptide immunoreactivity [108].

Electrical stimulation of PSN terminals in the
upper urinary tract [109] in vitro triggers action
potentials which propagate into collateral
branches, releasing neuropeptides in a manner
relatively resistant to the sodium channel blocker
tetrodotoxin (TTX) or the ‘N-type’ Ca** channel
antagonist w-conotoxin GVIA [110]. PSNs can
also directly release and be depleted of their neu-
ropeptides upon capsaicin binding to transient
receptor potential vanilloid 1 (TRPV1) channels
[89, 111] in a manner dependent on the age and
species under investigation, and the method and
number of administrations of capsaicin [22,
112-114].

“” “!ﬂ'nmw|om

(Ab), while capsaicin (10 pM) completely blocks the
effects of PSN stimulation (Ac). Capsaicin (10 pM) (B)
and human CGRP (100 nM hCGRP) both have negative
chronotropic and positive inotropic effects on the sponta-
neous contractions (C). Scale bars for ¢ refer to all traces.
Figure taken from Hashitani et al. [8§9]

Electrical or capsaicin stimulation of PSNs
evokes a predominantly inhibitory effect on uri-
nary tract motility in the rat [115] and guinea
pig [116] ureter [110] and distal renal pelvis of
the guinea pig [22]. In proximal renal pelvis of
the guinea pig [22, 97] and mouse [89], PSN
stimulation transiently increases and then inhib-
its contraction frequency, this prolonged nega-
tive chronotropic effects is associated with an
increase in contraction amplitude and duration
(Fig. 3.8Aa). In the guinea pig proximal renal
pelvis, electrical field stimulation evokes a tran-
sient membrane depolarization in ASMCs [84]
as well as a prolonged increase in the duration
of TSMC action potentials in the distal renal
pelvis [84] and ureter [72]. These positive ino-
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tropic and chronotropic effects are reduced by
the neurokinin A antagonist MEN 10376 sug-
gesting they involve the release of excitatory
neuropeptides, Neurokinin A and Substance P
[22,97, 117, 118].

Human CGRP (hCGRP) (Fig. 3.8C) and
agents that increase internal cAMP levels [87,
89] mimic the PSN-mediated suppression of
motility in the upper urinary tract (Fig. 3.8Aa)
[89]. In the guinea pig ureter, the inhibitory
effects of hCGRP are reduced in the presence
of the blocker of ATP-dependent K* channels
(Karp), glibenclamide, the cAMP antagonist,
Rp-cAMPS or inhibitors of protein kinase A,
HS8 and H89 [119, 120]. In the mouse renal pel-
vis, glibenclamide also blocks the TSMC mem-
brane hyperpolarization evoked by hCGRP or
cAMP stimulators, but has little effect on their
negative chronotropic and positive inotropic
actions [87, 89]. Thus, the membrane potential-
independent negative chronotropic effects of
hCGRP arise mainly from the suppression of
Ca?* cycling in ASMCs via a cAMP-dependent
second messenger system [89]. The positive
inotropic effects of hCGRP may well be arising
from the reduced TSMC action potential fre-
quency which would promote Ca*" store refill-
ing, as well as TSMC hyperpolarization which
would increase the availability and driving
force of LDVCCs that contribute to the electri-
cal discharge.

3.8.3 Autonomic Nerves

Extensive networks of parasympathetic, nitrer-
gic [121] and sympathetic [122—124] nerves lie
within the urothelial, submucosal, TSMC and
serosal layers of the upper urinary tract.
However, blockers of sympathetic, parasympa-
thetic and nitrergic transmission or antagonists
of a-adrenoceptors and muscarinic receptors
have little effect on either renal pelvic auto-
rhythmicity or the positive/negative inotropic
and chronotropic effects evoked upon electrical
or chemical stimulation of intrinsic nerves [15,
22, 86,97, 117].

Activation of a-adrenoceptors with noradren-
aline or adrenaline stimulates spontaneous con-
tractions in the mouse [125], dog [126] and
guinea pig [97] renal pelvis and in the pig ureter
[36] associated with an increased Ca®* influx
during the prolongation of their action potential
plateaus. In the guinea pig ureter, norepineph-
rine increases hydrolysis of PIP, and IP;-
dependent Ca** release from internal stores [127]
which activates K* conductances that terminate
the action potential plateau [97]. f-Adrenoceptor
activation, membrane permeable cAMP ana-
logues and inhibition of cAMP degradation
[128] all reduce ureteric contractility [97] asso-
ciated with a shortening of the action potential
duration [129]. In the rabbit proximal renal pel-
vis, P-adrenoceptor activation has also been
described to induce a positive inotropic effect
[47,97, 130, 131].

In comparison to other visceral smooth mus-
cles, parasympathetic nerve stimulation or mus-
carinic receptor agonists have relatively little
effect on pyeloureteric peristalsis. Exogenous
application of acetylcholine increases contrac-
tility in the pig [132] and guinea pig [97] renal
pelvis and the pig [133], human [134] and
guinea pig [135] ureter, but has little effect on
the porcine distal ureter [136]. Carbachol also
decreases ureteric pressure and peristalsis in
partially or completely obstructed ureters of
anaesthetized dogs [137]. High concentrations
of muscarinic receptor agonists have a robust
negative chronotropic and positive inotropic
effect on the spontaneous contractions in the
mouse renal pelvis in a manner selectively pre-
vented by either a nicotinic receptor antagonist
or PSN depletion with capsaicin [125].
Glibenclamide also blocks this inhibition of
pyeloureteric peristalsis, TSMC action potential
firing and membrane hyperpolarization suggest-
ing that carbachol activation of PSN nicotinic
receptors leads to the release of CGRP that acti-
vates TSMC K rp channels [125].

The glibenclamide-independent inhibition of
Ca* signalling in ASMCs upon PSN nicotinic
receptor activation [125] may also arise from a
reduction of the release of tachykinins essential
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Fig. 3.9 Schematic of possible mechanisms of sympa-
thetic (Sym), parasympathetic (Psym) and PSN modula-
tion of pyeloureteric peristalsis. G protein-coupled
receptor (GPCR) activation by acetylcholine (Ach),
adrenaline (Ad) or tachykinins can lead to phospholipase
C (PLC) metabolism and depletion of PIP2, KV7 channel
closure (X) and membrane depolarization in BECs or ICs
to increase the excitability of neighbouring electrically
coupled ASMCs and TSMCs. Ach released from Psym
nerves can also activate nicotinic receptors (Nic Rec) on
neighbouring PSNs to release CGRP. This CGRP binds to
its receptor (CGRP-1Rec) on both ASMCs and TSMCs to
stimulate adenylyl cyclase (AC) and increase intracellular

for  sustaining  pyeloureteric  peristalsis.
Alternatively, nicotinic receptor evoked release
of CGRP may stimulate a cAMP-dependent
increase in ASMC Ca?* buffering that results in a
reduction in the intracellular cycling of ASMC
Ca* (Fig. 3.9) [100]. Thus, presynaptic PSN nic-
otinic receptors provide a means by which para-
sympathetic nerves can modulate the frequency
and tone underlying pyeloureteric peristalsis. A
combination of the inhibitory effects of PSN-
released CGRP, a reduced release of tachykinins
and TSMC muscarinic receptor evoked increases
in the Ca** sensitivity of the contractile apparatus
via a RhoA/Rho-associated kinase pathway [138]
may well explain the often-contradictory effects

cAMP. In ASMCs, cAMP increases the Ca?* buffering
capacity of internal stores which reduces the intracellular
cycling of Ca*, leading to an inhibition of ASMC Ca*
transient discharge. This results in a decreased pacemaker
drive and the observed decrease in frequency of contrac-
tions, action potentials and Ca** transients in TSMCs. The
rise in cAMP in TSMCs leads to the opening of gliben-
clamide-sensitive Krp channels, resulting in membrane
hyperpolarization that de-inactivates plasmalemmal Ca**
channels. When a STD in a ASMC triggers an action
potential in a neighbouring TSMC, the resulting Ca* tran-
sient and contraction may well be larger and longer than
those observed in control

of cholinergic agonists on the contractility of the
upper urinary tract.

The autonomic and sensory innervation may
also indirectly modulate the rate of conduction
within and between ASMC and TSMC bundles
by modulating the activity of neighbouring
closely apposed Ky7.5* BECs or K,7.5" ICs
(Fig. 3.9) [2]. K7 channels require the presence
of PIP, to remain open. Nerve-released tachyki-
nins and autonomic neurotransmitters could well
lead to a depletion of PIP, and K7 channel clo-
sure [139]. The by-products of PIP, metabolism,
IP; and diacylglycerol (DAG) may also stimulate
Ca* release and the activation of protein kinase
C (PKC) which both lead to further inhibition of
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Ky7.2-5 channels upon binding of Ca*-
calmodulin and a protein kinase C (PKC)/A
kinase anchoring protein (AKAP) complex
[139]. Thus, closure of Ky7.5 channels in BECS
and ICs may well remove a hyperpolarizing
influence to increase the pacemaker drive in
ASMCs as well as the ability of neighbouring
TSMC:s to initiate and conduct a wave of excita-
tion (Fig. 3.9). It is interesting to speculate that
Ky7.5* cells in the renal pelvis may control the
frequency and size of the bolus at urine which
enters the ureter from the renal pelvis in both
uni-papilla and multi-papillae kidneys with
changes in diuresis [40, 52], they may even con-
trol the establishment of the predominant minor
calyx pacemaker in multi-papillae kidneys [32,
33, 36].

3.8.4 Renin-Angiotensin System

Angiotensin II acting exclusively on angiotensin
receptor 1A (ATrl1A) in mice evokes an increase
in peristaltic contraction frequency that is associ-
ated with a rise in muscle wall tone and an
increase in basal Ca** in both TSMCs and ASMCs
[83]. ATrlA receptors are G protein-coupled
receptors that leads to the production of G-
protein, activation of phospholipase C (PLC)—3
and metabolism of PIP, to IP; and DAG [140].
ATrl activation would therefore be expected to
contribute to the intracellular IP; drive underly-
ing cycling Ca* oscillators in both ICs and
ASMCs.

3.9 Clinical Implications

Congenital hydronephrosis or ureteropelvic junc-
tion obstruction results in a compromised urine
flow from the renal pelvis into the ureter that
leads to pressure-induced dilatation of the renal
collecting system and potential parenchyma
injury which, if left untreated, results in renal dis-
ease and the development of salt-sensitive hyper-
tension [141]. Renal pelvis dilatation is detected
in 1 in 100 prenatal ultrasound screenings, with
ureteropelvic junction obstruction being the most

frequently diagnosed cause of antenatal hydrone-
phrosis [142]. This hydronephrosis can be caused
by a ‘physical’ stenosis, that usually requires
Anderson-Hynes pyeloplasty, or by a ‘functional’
obstruction arising from a subtle developmental
defect in the urothelium or muscle wall which
usually disappears in 80% of infants within their
Ist year [143, 144].

In children presenting with intrinsic uretero-
pelvic obstruction [62, 145], the site of dys-
function displays a decrease in the number of
ASMCs and TSMCs, as well as a loss of their
myofilaments and surface caveolae [146, 147].
Also evident is a marked collagen expression
[145, 146, 148, 149], hyperplasia of the transi-
tional epithelium [147, 150-152] and a decrease
in the number of nerve terminals [145, 148,
149] and neuronal staining [64, 148, 149, 153,
154]. One electron microscopic examination of
the structural integrity of ICs within hydrone-
phrotic renal pelvises reports that their numbers
are reduced and that their cytoplasm are
enlarged with relatively few internal organelles
[62]. A change of Kit staining, be it in nerve
terminals or ICs, with ureteropelvic obstruction
remains controversial; with reports that Kit
immunoreactivity is only present in mast cells
[155], that Kit staining increases [156],
decreases [62, 64, 65] or little altered [157]
with obstruction.

Little is known of the effects of hydronephro-
sis on the initiation or maintenance of pyeloure-
teric peristalsis. Mice lacking the AtrlA
(ATr1 A=) present with a functional ureteropel-
vic obstruction associated with a hypoplastic
papilla and renal cortex, a dilated calyx, prolifer-
ating and apoptotic tubulointerstitial cells, mac-
rophage infiltration and fibrosis [158-160].
Mildly-to-moderately hydronephrotic kidneys in
ATr1 A=~ mice display spontaneous propagating
contractions in their pelvic wall similar in fre-
quency, but smaller in amplitude to their control
(ATr1A**, ATr2** and ATr2™") mice [83].
However, the renal pelvis of severely hydrone-
phrotic ATr1A~"~ kidneys do not show any pyelo-
ureteric contractile activity due to the complete
destruction of the TSMC wall. Thus, the develop-
ment of a functional obstruction in the
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ureteropelvic junction of ATr1 A=~ mice does not
arise from a lack of development of the pyeloure-
teric pacemaker and contractile mechanisms
[161]. It is more likely that the failure to transmit
peristaltic contractions through the obstructed
region of the proximal ureter in time leads to the
development of back pressure-induced dilatation,
apoptosis and fibrosis of the renal pelvis wall and
kidney parenchyma [83].

Given the tendency of neonatal renal pelvis
dilatation to resolve in the 1st few years after
birth, it seems likely that in utero manipulation
of the mechanisms that develop, drive or modu-
late pyeloureteric peristalsis has little therapeu-
tic potential. Post birth, persistent dilatation of
the renal pelvis arising from pyeloureteric ste-
nosis can be closely monitored using ultra-
sound, magnetic resonance imaging or other
voiding techniques to establish the necessity of
further treatment or the timing of pyeloplasty
surgery [162].

On the other hand, the control of pain, stone
expulsion and prevention of kidney damage dur-
ing renal colic already appears to involve many
of the mechanism discussed herein. During renal
colic, PSN mechanoceptors and chemoceptors in
the renal pelvis and upper ureter transmit renal
pain via C-fibres and Ad-fibres to the dorsal horn
of the spinal cord, then more centrally to supra-
spinal structures and the cerebral cortex.
Convergence with other somatovisceral signals
result in pain radiation to other visceral regions,
as well as symptoms such as nausea, tachycardia
and reduced gastrointestinal peristalsis [163].
Opiates provide rapid pain relief but also have
excitatory contractile effects and appear to be no
more effective than NSAIDs. The dependence of
renal blood flow, glomerular filtration rate, pyelo-
ureteric peristalsis etc., on prostaglandin, angio-
tensin and thromboxane A, [163] informs the use
of NSAIDs for pain relief, but may have detri-
mental effects in patients with pre-existing renal
disease. Interestingly, COX-2 inhibitors reduce
ureteric peristalsis without gastric side effects.
The short-term pain relief with nifedipine is asso-
ciated with reduction of ureteric spasm without
altering contraction frequency [163], consistent
with the effects of LDVCC blockade described

above [3]. While anticholinergic agents have
proven not to be very useful, the muscle wall
relaxation upon inhibition of alD-adrenoceptors
accelerates stone expulsion and reduces the use
of analgesics [163]. Thus, there is potential to
further refine the therapeutic selectivity of these
drug groups upon a greater understanding of their
actions in the upper urinary tract. Elucidation of
the mechanisms by which ASMCs and ICs con-
trol contractility in the upper urinary tract under
physiological and pathological conditions may
also lead to the development of pharmacological
interventions to improve outcomes in hydrone-
phrotic infants and adults. However, future thera-
pies to modulate pyeloureteric peristalsis will
need to allow for any central, peripheral and sys-
temic effects, as well as the degree and duration
of pelviureteric blockade.
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