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Abstract The e�ects of intrinsic nerve stimulation on the
spontaneous electrical activity of the smooth muscle cells
of the guinea pig ureter still attached to its renal pelvis
were investigated using standard intracellular microelec-
trode techniques. Action potentials discharged sponta-
neously at a frequency of 3.3 � 0.2 min)1 (n = 67) and
consisted of an initial rapidly rising spike, followed by a
variable period (0.2±5 s) of membrane potential oscilla-
tion and a quiescent plateau phase which was terminated
by an abrupt repolarisation and after-hyperpolarisation
to )66 mV. Transmural electrical stimulation (20±50 Hz
for 2 s) transiently decreased the frequency of action
potential discharge; the half-amplitude duration of the
following action potentials, however, was transiently in-
creased to 156 � 12% of control. Substance P (1 lM
applied for 2 min) or neurokinin A (100 nM for 2 min)
transiently increased the frequency of action potential
discharge to 155 � 19% and 142 � 21%, respectively,
of control. The excitatory actions of nerve stimulation or
agonist application were reduced by the tachykinin an-
tagonist, MEN 10,627 (1±3 lM), while the inhibitory
actions of nerve stimulation were enhanced by MEN
10,627 (1 lM) or thiorphan (1 lM). Capsaicin (10 lM
for 10±15 min) also evoked a transient increase in the
frequency and half-amplitude duration of the ureteric
action potentials, in a manner blocked by MEN 10,627
(3 lM), which was followed by a long period of mem-
brane potential quiescence. Human calcitonin gene
related peptide (hCGRP) (100 nM applied for 2±5 min)
induced a time-dependent decrease in the frequency
amplitude and duration of the spontaneous action
potentials, in a manner blocked by glibenclamide (1 lM).
It was concluded that the nerve-evoked excitatory and
inhibitory changes in the parameters of the spontaneous
ureteric action potentials arise from the release of the
sensory neuropeptides, tachykinins and CGRP, respec-
tively.
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Introduction

It is well established that ureteric peristalsis in the
mammalian upper urinary tract is predominantly myo-
genic in origin, being little a�ected by extrinsic dener-
vation or the application of blockers of autonomic nerve
function such as atropine, guanethidine or tetrodotoxin
[15, 21]. However, ureteric peristalsis is maintained,
though not necessarily initiated, by the endogenous re-
lease of prostaglandins and sensory neuropeptides, as
both capsaicin and blockers of prostaglandin synthesis
reduce the frequency and amplitude of the contractions
in the renal pelvis and ureter in vitro [2, 12, 28, 29].
Distension of the guinea pig ureter in vivo induces an
increase in the activity of two populations of a�erent
nerves, responding to either small (<5±8 mmHg) or
large (>8 mmHg) changes in intraluminal pressure [3,
24]. In the rat, ureteral distension or exposure to bra-
dykinin and substance P evokes an increase in a�erent
nerve activity in the ipsilateral kidney and a re¯ex de-
crease in sympathetic nerve activity in the contralateral
kidney, in a manner blocked by capsaicin, tachykinin
antagonists or indomethacin [9, 10]. Immunohisto-
chemical and retrograde labelling techniques have also
revealed that these sensory nerves contain both tachy-
kinin- and calcitonin gene related peptide (CGRP)-like
immunoreactivity, originate mostly from the ipsilateral
dorsal root ganglia and are present both within and
between the muscle and epithelial layers of the renal
pelvis and ureter [8, 27]. In the guinea pig and rat,
activation of these sensory nerves generally has a net
excitatory e�ect on motility in spontaneously active
preparations of the renal pelvis [21, 29] and an inhibitory
action in the isolated ureter [20].

In most mammals, except man [4, 8], the isolated
ureter is electrically and mechanically quiescent in vitro.
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Therefore, most studies on the e�ects of sensory nerve
stimulation or applied agonists have been performed on
ureters arti®cially driven to produce contractions of
constant amplitude using either repetitive electrical
stimulation in the presence of the Ca2+ agonist, Bay
K8644 [17, 22, 25], or a maintained exposure to raised
K+ saline [15] or endothelin-1 [16]. Recently, we have
developed a whole-mount preparation of the guinea pig
upper urinary tract (renal pelvis and ureter) which
readily displays spontaneous contractions that originate
in the proximal renal pelvis and propagate distally into
and along the ureter [28]. In this report, we have ex-
amined the electrical activity underlying these migrating
contractions, recording action potential discharge with
intracellular microelectrodes in the ureteric portion of
the whole-mount preparation used in the contractile
studies. Moreover, we have compared the e�ects of
electrical nerve stimulation on the frequency and time
course of these spontaneous action potentials with the
e�ects of applied sensory neuropeptide mimetics, sub-
stance P, neurokinin A and hCGRP. Some of these re-
sults have been presented previously in abstract form [6].

Materials and methods

Dissection

Guineapigs (250±400 g)werekilledbystunningandbleeding,and the
kidney and attached ureter removed through an abdominal incision.
The upper urinary tract (renal pelvis and 2±3 cm of proximal ureter)
was dissected free of the kidney. The ureteral end of the preparation
was cut along its longitudinal axis (1 cm) and pinned ®rmly, serosal
surface uppermost, to the bottom of an organ bath. The organ bath
was then mounted on an inverted microscope and perfused with a
physiological saline (see below) at 3±4 ml/min (at 34±35°C).

Electrical recordings

Electrophysiological recordings were made from the pinned region
of the ureter (5 mm ´ 5 mm), using standard intracellular record-
ing techniques and glass microelectrodes with resistances of 50±
80 MW. Changes in the membrane potential were recorded with
a standard unity-gain pre-ampli®er and stored digitally using
a MacLab 4000/e analogue-to-digital converter (sample rate 400±
1000 Hz) and a Powermac 1600/60. Membrane potential record-
ings were analysed and displayed using Chart and Sigmaplot
software. Various parameters of the spontaneous action potentials
were measured: the amplitude and rate of rise of the initial spike;
the duration of the action potential measured from the time the
initial spike was half maximal; the membrane potential 600 ms
before the peak of the initial spike, the peak negative (``diastolic'')
potential reached during the after-hyperpolarisation, and the fre-
quency of action potential discharge [13]. In each experiment, the
parameters of three or four action potentials were averaged and
compared with those measured after 2±5 min of exposure to a test
drug or after a short period of electrically stimulating (2 s at 20 V
and 20±50 Hz) the intrinsic sensory nerves. A number of similar
experiments were then averaged as indicated. In most experiments,
a paired Student's t-test was used for tests of signi®cance; P < 0.05
was considered to be statistically signi®cant.

Solutions and drugs used

The physiological saline was of the following composition (in mM):
NaCl 120, KCl 5, CaCl2 2.5, MgCl2 1, NaH2PO4 1, NaHCO3 25,

glucose 11. Bubbling with a 95% O2:5% CO2 gas mixture estab-
lished a pH of 7.3±7.4. The following drugs were used in the present
experiments: capsaicin (Sigma, St Louis, Mo.), neurokinin A
(Auspep, Australia), substance P (Auspep, Australia), tetrodotoxin
(Sigma, St Louis, Mo.), thiorphan (Auspep, Australia), human
calcitonin gene related peptide (hCGRP 1±37) (hCGRP) and the
hCGRP receptor antagonist, hCGRP (8±37) (both Auspep, Aus-
tralia). MEN 10,627 was a kind gift from Dr. C.A Maggi (Menarini
Ricerche). The concentration of all stock solutions ranged between
0.1 mM and 10 mM. Most drugs were dissolved in ®ltered distilled
water and were diluted with physiological saline to their ®nal
concentrations as indicated. MEN 10,627 and neurokinin A were
dissolved in a mixture of ®ltered distilled water and absolute eth-
anol. Capsaicin was dissolved in absolute ethanol. Before use,
solutions were vigorously bubbled with the 95% O2:5% CO2

gas mixture to restore any changes of pH.

Results

Spontaneous action potentials in the upper urinary tract

The time course of the spontaneous action potentials re-
corded in theureter of thewhole-mountpreparationof the
guinea pig upper urinary tract was always of the ``driven''
type. ``Pacemaker'' or ``intermediate'' action potentials,
identi®ed previously in the renal pelvis [13, 14, 29], were
never recorded in over 160 successful impalements of the
ureter. These ``ureteric'' action potentials were charac-
terised by an initial spike, a period of membrane oscilla-
tion and a quiescent plateau phase of the action potential.
The duration of the oscillation and plateau period varied
between and within preparations, being 0.2±5 s in
duration. The termination of the action potential was
characterised by a rapid repolarisation to a peak after-
hyperpolarisationwhich slowlydecayedover 2±15 s. In 67
ureteric cells, the amplitude and rate of rise of the initial
spike, the half-amplitude duration, the most negative
(``diastolic'') potential reached during the after-hyperpo-
larisation, the ``resting'' membrane potential (recorded
600 ms before each spontaneous event) and the frequency
of the action potential discharge were 61.9 � 1.6 mV,
4.7 � 0.2 V/s, 1172 � 83 ms, )65.5 � 1.2 mV and
)59.9 � 1.3 mV, 3.3 � 0.2 min)1, respectively.

E�ects of nerve stimulation

The application of repetitive transmural electrical stim-
ulation (0.2 ms duration, 50±100 V, 20±50 Hz for 2±5 s)
evoked a transient decrease in the instantaneous
frequency of the action potential discharge to
2.6 � 0.3 min)1, from a control frequency of 3.9 �
0.4 min)1 (n = 15, P < 0.05) (Table 1), corresponding
to a 120 � 6% increase in the mean interval between
action potentials immediately following the nerve stim-
ulation (Fig. 1Ai). A transient excitatory e�ect of nerve
stimulation was also observed as the half-amplitude du-
ration of the ®rst few action potentials, recorded imme-
diately after a period of nerve stimulation was increased
to 156 � 12% (n = 15, P < 0.05) of control (Table 1;
Fig. 1Aii).
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E�ects of MEN 10,627 and capsaicin

Application of the tachykinin antagonist, MEN 10,627
(1 lM), signi®cantly depolarised the ureteric smooth
muscle 2.1 mV from )60.9 � 2.8 mV to )58.8 �
2.6 mV (P < 0.05, n = 5) and decreased the half-am-
plitude duration of the spontaneous action potentials to
75 � 6% of control (P < 0.05, n = 5), but only tended
to decrease the frequency of discharge to 75 � 9% of
control (P = 0.053, n = 5) (Fig. 1Bi±iii; Table 1). In
two of three other ureteric preparations, however, 3 lM
MEN 10,627 completely abolished the spontaneous
action potential discharge. MEN 10,627 (1 lM) also
prevented the nerve-evoked increase in half-amplitude
duration of the action potentials recorded immediately
after nerve stimulation (to 99 � 6% of control)
(P > 0.05, n = 3) (Fig. 1Biv).

The role that intrinsic sensory nerves may play in
maintaining action potential discharge and conduction in
the ureter was assessed by comparing action potential
discharge before (Fig. 2Ai±ii), during (Fig. 2Ai±ii) and
after (Fig. 2Aiii) exposing the whole-mount preparations
to capsaicin (10 lM) for 10±15 min. In three of four
successful experiments in which the microelectrode im-
palement was maintained, action potential discharge was
completely abolished either during the capsaicin expo-
sure or within 5±10 min after the washout of capsaicin
(Fig. 2Ai). The membrane potential ()57.2 � 1.8 mV)
recorded in these capsaicin-arrested ureters (5±10 min
after washout) was not signi®cantly di�erent from con-
trol ()57.1 � 2.0 mV) (n = 3, P > 0.05). Pretreatment
of two preparations with MEN 10,627 (3 lM) prevented
the excitatory actions of sensory nerve tachykinins re-
leased by capsaicin (10 lM) exposure (Fig. 2B). It was
not possible to maintain the impalement long enough
(1 h) to establish whether action potential discharge re-
turned with time, as might be expected from our recent
contractile experiments using the whole-mount prepara-
tion of the upper urinary tract [28].

Thiorphan and tetrodotoxin

The neutral endopeptidase inhibitor, thiorphan, has
been used previously to enhance the duration and in-
tensity of the inhibitory actions of sensory nerve stim-
ulation or applied haCGRP in the guinea pig ureter
driven with endothelin-1 [16]. In two experiments,
thiorphan (1 lM applied for 2±5 min) mimicked the
e�ects of MEN 10,627, preventing the nerve-evoked
increase in the action potential duration and prolonging
the interval between action potentials recorded imme-
diately following sensory nerve stimulation (data not
shown). In contrast, the application of tetrodotoxin
[1.5 lM (n = 5) or 10 lM (n = 2)] blocked the e�ects
of nerve stimulation in all ureteric preparations, but
had no signi®cant e�ects on the time course or fre-
quency of the spontaneous action potentials (data not
shown).

E�ects of applied substance P and neurokinin A

Both substance P (1 lM) (n = 4) and neurokinin A
(100 nM) (n = 3) signi®cantly increased the frequency
of the ureteric action potentials to 156 � 19% and
142 � 21% (both P < 0.05), respectively, of the con-
trol frequency (Fig. 3i±iii). Substance P and neurokinin
A also increased the half-amplitude duration of these
action potentials to 152 � 16% (P > 0.05) and
195 � 20% (P < 0.05), respectively, of control; other
action potential parameters were little a�ected by these
agents (Table 1) [23]. In addition, the peak ``diastolic''
or after-hyperpolarisation potential of these action po-
tentials was signi®cantly depolarised 4.6 and 8.8 mV,
respectively (both P < 0.05) by substance P and ne-
urokinin A (Table 1). In the presence of MEN 10,627
(1 lM), the excitatory e�ects of both substance P
(1 lM) (n = 2) and neurokinin A (100 nM) (n = 1)
were prevented (Fig. 3i, iv).

Table 1 Modulation of the action potentials recorded in the smooth muscle cells of the guinea-pig ureter

Membrane
potential
(mV)

Initial spike
amplitude
(mV)

Half-amplitude
duration
(ms)

Maximum rate
of rise
(V/s)

After hyper-
polarisation
(mV)

Frequency
(x/min)

No. of
cells
(n)

Control )61.7 � 1.4 66.0 � 1.7 937 � 128 4.4 � 0.3 )68.2 � 1.6 3.9 � 0.4 15
Nerve stimulation )60.9 � 1.7 65.0 � 1.9 1144 � 170* 4.7 � 0.4 )67.4 � 1.8 2.6 � 0.3*

Control )58.2 � 2.8 62.6 � 2.9 1251 � 292 5.5 � 0.9 )63.7 � 2.7 3.1 � 0.9 4
Substance P 1 lM )54.7 � 1.8 59.6 � 3.4 1860 � 462 5.1 � 1.2 )59.1 � 1.1* 4.3 � 0.7*

Control )59.8 � 3.7 70.7 � 3.9 1304 � 325 6.4 � 0.2 )65.1 � 3.1 3.7 � 1.2 3
Neurokinin in A 100 nM )55.1 � 2.3 68.3 � 2.8 2678 � 855* 6.5 � 0.8 )56.3 � 1.8* 4.7 � 1.2*

Control )60.9 � 2.8 64.9 � 2.9 1062 � 263 5.5 � 0.5 )66.7 � 2.6 4.4 � 1.0 5
MEN 10,627 1lM )58.8 � 2.6* 63.2 � 2.0 745 � 144* 5.8 � 0.4 )64.7 � 2.7 3.2 � 0.9

Control )60.1 � 1.5 59.3 � 2.0 766 � 127 3.6 � 0.6 )67.0 � 1.6 3.5 � 0.3 8
hCGRP (1±37) 100 nM )59.1 � 1.2 56.9 � 2.9 606 � 132* 3.7 � 0.6 )66.6 � 1.3 2.3 � 0.6*

Control )62.1 � 2.6 61.5 � 1.3 582 � 78 3.0 � 0.5 )69.8 � 4.4 2.9 � 0.6 3
hCGRP (8±37) 1 lM )59.5 � 1.2 58.7 � 1.0 557 � 81 2.8 � 0.5 )67.3 � 3.7 3.0 � 0.6

*P < 0.05
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Effects of hCGRP

In the spontaneously active ureter, hCGRP (100 nM
applied for 2±5 min) decreased the frequency of action
potential discharge to 67 � 13% of control (P < 0.05,
n = 8) (Table 1; Fig. 4Ai, Bi). In addition, hCGRP
caused a time-dependent decrease in the duration of the
spontaneous action potentials which was often associ-
ated with a hyperpolarisation of the plateau potential.
After 5 min the half-amplitude duration of the ureteric
action potential was decreased to 77 � 4% of control
(P < 0.05, n = 8) (Table 1; Fig. 4Aii, Bii). However,
other properties of the action potentials were little
a�ected by hCGRP (100 nM) (Table 1).

The e�ects of hCGRP were readily reversible upon
wash-out of the agent (Fig. 4Ai±ii), or upon the addition
of the blocker of ATP-dependent K channels, glibencl-
amide (1 lM) (n = 2) (Fig. 4Bi±ii). Moreover, the
e�ects of hCGRP were prevented by the previous pre-
treatment with the CGRP receptor antagonist, hCGRP
(8±37) (1 lM applied for 10 min) (data not shown).
hCGRP (8±37) did not have any signi®cant e�ects on the

time course or frequency of the spontaneous ureteric
action potentials (n = 3) (Table 1).

Finally, comparisons of the inhibitory e�ects of
sensory nerve stimulation and hCGRP revealed a
considerable variability between preparations. In two
preparations, nerve stimulation and hCGRP (100 nM)
both evoked a strong inhibition of the electrical activity
in the ureter, while in two preparations both interven-
tions had relatively minor e�ects. In contrast, in three
other preparations nerve stimulation had little e�ect,
while applied hCGRP strongly inhibited ureteric action
potential discharge.

Discussion

Using a whole-mount preparation of the guinea pig
upper urinary tract in vitro, we have recently reported
that the simultaneous recording of tension in the prox-
imal and distal renal pelvis and the ureter reveals the
migration of spontaneous contractions, which originate
(in 79% of preparations) in the proximal renal pelvis.
These contractions occur at a frequency of 4.5 min)1

Fig. 1 A E�ects of transmural
electrical stimulation (n.s) on
the spontaneous action poten-
tials recorded in the ureteric
region of a whole-mount prep-
aration of the guinea pig upper
urinary tract. Bi The negative
chronotropic e�ects of nerve
stimulation (n.s) in the ureter
can be enhanced by MEN
10,627 (1 lM), the NK2 recep-
tor antagonist. Aii, Bii±iv the
time course of the action
potentials indicated by the
horizontal brackets (a±e) have
been compared on an expanded
time base
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and travel at a velocity of 1±3 cm)1 [28], rates similar to
those obtained during previous recordings of pyelo-
ureteral peristalsis [5]. Even though the membrane po-
tential measured 600 ms prior to each spontaneous
action potential recorded in the present experiments
()60 mV) (Table 1) was generally 5±10 mV more nega-
tive than the membrane potential recorded in quiescent
preparations of the isolated ureter, the time course of the
spontaneous and evoked action potentials recorded in
the two preparations were essentially similar [1, 11]. The
frequency (3.3±3.9 min)1) of the spontaneous ureteric
action potentials in the whole-mount preparation was
also similar to the frequency of the propagating con-
tractions in this preparation (see above), but was smaller
than the discharge frequency in circumferentially-cut
strips of proximal renal pelvis (4.7±7.1 min)1) [13, 14,
29].

Repetitive electrical stimulation has often been dem-
onstrated to produce a net excitatory action on the
contractile and electrical activity in the renal pelvis [21]
and a net inhibitory action in the ureter (Fig. 1) [15, 20],

both of which are blocked by tetrodotoxin or capsaicin
pre-treatment (Fig. 2) [28]. Nerve stimulation has a
negative inotropic e�ect on the guinea pig ureter, re-
ducing the amplitude of the spontaneous contractions
induced previously by a high K+ saline or endothelin-1,
in a manner blocked by the CGRP antagonist, hCGRP
(8±37) [15, 18]. The positive inotropic e�ects of sensory
nerve stimulation on the spontaneous contractions in the
proximal renal pelvis are blocked by the tachykinin
antagonist, MEN 10,376, to reveal an underlying
hCGRP (8±37)-sensitive negative inotropic action as
seen in the ureter [21].

In the present experiments, the frequency and half-
amplitude duration of the spontaneous action potentials
in the ureter in the absence of nerve stimulation were
also readily reduced by MEN 10,627 (1 lM) (Fig. 3i, iv),
but not by tetrodotoxin (1±3 lM). This suggests that
tachykinins, released tonically from sensory nerve vari-
cosities in control saline, maintain in some way the ac-
tion potentials in the ureter in a manner not dependent
on the conduction of the nerve action potential along the
sensory nerves. This notion is supported by the fact that
tetrodotoxin has little e�ect on the amplitude and fre-
quency of the contractions recorded in the whole-mount
preparation of the upper urinary tract, while x-cono-
toxin GVIA, a blocker of Ca2+ entry through neuronal
``N-type'' Ca2+ channels, reduces the amplitude but not

Fig. 2 Ai E�ects of capsaicin (10 lM) on the spontaneous action
potentials recorded in the ureter. Aii±iii the action potentials indicated
by the horizontal brackets (a±d) are displayed on an expanded time
base for comparison. The positive inotropic and chronotropic e�ects
of capsaicin (10 lM) were blocked by pretreatment with MEN 10,627
(3 lM)
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the frequency of these contractions [28]. In contrast, in
the spontaneously contracting guinea pig ureter depo-
larized with high-K saline, the amplitudes of the con-
tractions are increased by x-conotoxin GVIA or
hCGRP (8±37), suggesting that the net e�ect of the tonic
release of tachykinins and CGRP from ``depolarized''
sensory nerves is inhibitory [15] rather than facilitating
action potential discharge as in the present experiments.

A delayed-onset excitatory action of repetitive nerve
stimulation was also observed in the ureter, as evidenced
by the increase in the half-amplitude duration of the
action potentials recorded immediately after the nerve-
evoked period of membrane potential quiescence
(Fig. 1Aii, Bii). This increase in half-amplitude duration
following nerve stimulation was prevented by MEN
10,627 (Fig. 1B), or pretreatment with capsaicin (10 lM
for 15 min) or tetrodotoxin (1±3 lM) (data not shown),
suggesting that sensory-nerve-released tachykinins are
responsible for this increase. The application of either
neurokinin A or substance P mostly mimicked the ex-
citatory e�ects of nerve stimulation, increasing the fre-
quency and half-amplitude duration of the spontaneous
action potentials recorded in the ureter (Fig. 3i±iii).

Similar activation of tachykinin (NK2) receptors has
recently been reported to increase the duration of elec-
trically evoked action potentials in quiescent ureters of
the guinea pig and human [23]. As has been reported in
the renal pelvis [21], neurokinin A had a more potent
excitatory e�ect than substance P in the ureter (Table 1);
however, the actions of both agents were readily
prevented by MEN 10,627.

In the whole-mount preparation of the upper urinary
tract, exposure to capsaicin led to a transient increase in
the frequency and duration of ureteric action potentials
which was followed by a longer period of membrane
quiescence, consistent with the positive and delayed
negative inotropic and chronotropic e�ects on the
spontaneous contractions in this preparation [28]. In
addition, capsaicin can either inhibit (low doses) or
enhance (high doses) the peristaltic contractions of a
constantly perfused guinea pig ureter in vivo [7], the
spontaneous contractions in human ureter in vitro [8] or
the neurokinin-induced contractions in the rat ureter
[20]. In the whole-mount preparation of the guinea pig
upper urinary tract, it is likely that the overall initial
excitatory e�ect seen upon the addition of capsaicin is
initiated in the proximal regions of the renal pelvis,
where the e�ects of nerve-released tachykinins predom-
inate. These activated action potentials and contractions
propagate distally into the ureter, presumably overriding

Fig. 3 The excitatory e�ects of substance P (SP; 1 lM) and
neurokinin A (NKA; 100 nM) on the frequency (i) and time course
(ii±iv) of the spontaneous ureteric action potentials were prevented by
MEN 10,627 (1 lM) (i)
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the inhibitory e�ects of CGRP released locally in the
ureter by capsaicin. Finally, these present experiments
con®rm our previous suggestion that the positive ino-
tropic e�ects of nerve stimulation, K+ channel blockers
or capsaicin in the proximal renal pelvis and ureter can
be directly correlated with the increase in the half-
amplitude duration of the spontaneous ``driven'' action
potentials (Fig. 2Aii) [13, 14, 28].

Applied hCGRP has a minor e�ect on the sponta-
neous contractile activity in the proximal regions of the
renal pelvis, compared with a strong inhibitory action in
the distal renal pelvis and ureter [15, 17, 22, 25, 28].
Moreover, the relatively poor inhibitory action of
CGRP in the proximal renal pelvis is little a�ected by
glibenclamide, the speci®c blocker of cromakalim-acti-
vated or ATP-dependent K+ channels [19]. In contrast,
the e�ects of hCGRP in the distal regions of the upper
urinary tract are readily blocked by glibenclamide, as are
the inhibitory actions of cromakalim in all regions of the
upper urinary tract [15, 17, 22, 25]. In the present ex-
periments, hCGRP decreased both the frequency and
the half-amplitude duration of the action potentials in
the ureter (Fig. 4) in a manner readily blocked by glib-
enclamide, suggesting that ATP-dependent K+ channels
are indeed being activated by hCGRP [15, 17, 22, 25,
28]. Moreover, in some cells, the propagating trigger

potential underlying action potential discharge was still
evident during the quiescent period following nerve
stimulation (e.g. Fig 1Ai) or hCGRP application (data
not shown). This perhaps suggests that these treatments
are: (i) having little inhibitory action in the proximal
pacemaker regions of the upper urinary tract; (ii) keep-
ing the membrane potential of the ureteric smooth
muscle cells negative of threshold; and (iii) having little
e�ect on the electrical coupling or conduction between
the proximal and distal regions of the upper urinary
tract.

In summary, we have investigated the electrical ac-
tivity underlying the peristaltic contractions in the
ureteric region of a spontaneously active whole-mount
preparation of guinea pig upper urinary tract. We have
established that only ``driven'' action potentials are re-
corded in the guinea pig ureter. ``Pacemaker'' or ``in-
termediate'' action potentials [12, 13, 29] were never
recorded in the ureter, consistent with the quiescent
membrane potentials previously recorded in ureters
dissected free of the renal pelvis. This spontaneously
active whole-mount preparation of the guinea pig upper
urinary tract may well be a particularly useful model for
the study of the function of the human ureter, as the
human ureter in vitro also demonstrates spontaneous
contractile activity which can be blocked by inhibitors of
prostaglandin synthesis [4] and evoked electrical activity
which can be enhanced upon tachykinin receptor
activation [23]. In addition, the propagation of action
potentials along the ureter can be modi®ed by the
stimulation of intrinsic capsaicin-sensitive sensory af-
ferents, to cause a predominantly inhibitory chronotro-

Fig. 4 Ai E�ects of human calcitonin gene related peptide (CGRP;
100 nM) on the spontaneous action potentials recorded in the ureter.
B The inhibitory action of CGRP (100 nM) were readily reversed by
glibenclamide (1 lM). Aii, Bii The time course of the action potentials
indicated by the horizontal brackets (a±c) in Ai, Bi have been
compared on an expanded time base
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pic e�ect. A delayed-onset positive inotropic e�ect could
possibly arise from the e�ects of nerve stimulation on
the duration of the action potentials following the
quiescent period after nerve stimulation, perhaps remi-
niscent of the e�ects of b-adrenoceptor activation in the
heart. However, it is not likely that this e�ect arises from
the regional-dependent post-junctional cyclic-AMP-
dependent mechanisms linked to activated CGRP
receptors [26], as this small excitatory action of nerve
stimulation was mimicked by substance P, neurokinin
A, or exposure to capsaicin and blocked by MEN
10,627, suggesting that nerve-released tachykinins were
responsible.
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