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Properties of a constitutively active Ca**-permeable non-
selective cation channel in rabbit ear artery myocytes

A.P. Albert, A. S. Piper and W. A. Large
Department of Pharmacology and Clinical Pharmacology, St George’s Hospital Medical School, Cranmer Terrace, London SW17 ORE, UK

In smooth muscle, non-selective cation conductances contribute to agonist-evoked depolarisation
and contraction, and in the present study using patch-pipette techniques we describe the properties
of a constitutively active cation channel. With whole-cell recording in K*-free conditions, there was
a spontaneous current with a reversal potential (E,) that was altered by replacement of external Na*
by an impermeant cation, but not when external Cl™ was replaced by an impermeant anion. The
tonic cation inward current could be carried by Ca’" ions and was greatly enhanced when the
external Ca** concentration was reduced. In outside-out patches there was spontaneous cation
channel activity that could be resolved into three conductance states of about 15, 25 and 40 pS, all
with the same E, as the whole-cell current. Kinetic analysis revealed that there were two open times
of about 1 and 5 ms and that the currents displayed bursting kinetics with burst durations of
approximately 5 ms and 25 ms. Removal of external Ca’* ions increased the probability of channel
opening (P,) sixfold, which was associated with an increase in the longer burst duration. Bath
application of the diacylglycerol analogue 1-oleoyl-2-acetyl-sn-glycerol increased P,, but phorbol
12,13-dibutyrate, which stimulates protein kinase C (PKC), reduced channel activity. In contrast,
the PKC inhibitor chelerythrine increased the activity of channel currents. It is concluded that in
rabbit ear artery myocytes there is a constitutively active Ca**-permeable cation channel that is
regulated by external Ca®* ions and suppressed by tonic PKC activity. It is proposed that this
mechanism may contribute to the resting membrane conductance and basal Ca®" influx in this
particular arterial preparation.
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In smooth muscle the resting membrane potential is
commonly between —40 and -65mV, which is
substantially less negative than the K" equilibrium
potential (E, about —85 mV, see Nelson & Quayle, 1995;
Kuriyama et al. 1998). This implies that there is a
spontaneous depolarising mechanism(s) driving the
membrane potential to more positive values than Ey. Since
the Cl” equilibrium potential is about —20 to —30 mV, it
was proposed that a CI” conductance might contribute to
the resting membrane potential (Large & Wang, 1996;
Greenwood & Large, 1999). However, in many smooth
muscle preparations that are bathed in low-Cl™ external
solution, where any resting Cl” conductance would be very
low, the resting potentials remain at values of about
—-60mV (e.g. Large, 1984; Van Helden, 1988).
Consequently, this indicates that there is a resting cationic,
probably Na®, mechanism causing the relatively
depolarised resting membrane potential.

Using whole-cell and perforated-patch recording, Bae et
al. (1999) described a basal non-selective cation current in
freshly dispersed rabbit pulmonary artery myocytes. It was
concluded that the non-selective cation conductance was a

component of the resting membrane potential, but no
information was provided on the properties of the
underlying single channels. In the present work we used
whole-cell recording and isolated outside-out patches to
study the characteristics of constitutively active Ca**-
permeable non-selective cation channels in rabbit ear
artery smooth muscle cells. These channels have three
conductance states of about 15,25 and 40 pS, and are gated
by external Ca** ions. Moreover, channel currents can be
activated by 1,2-diacyl-sn-glycerol (DAG) by a protein
kinase C (PKC)-independent mechanism, and there is a
constitutively active PKC pathway that suppresses channel
activity.

METHODS

Cellisolation

New Zealand White rabbits (2-3 kg) were killed by an Lv.
injection of sodium pentobarbitone (120 mg kg™', in accordance
with the UK Animals (Scientific Procedure) Act, 1986) and ear
arteries from both ears were removed into normal physiological
salt solution (PSS). The tissue was dissected free of connective
tissue and placed in 50 uM Ca’*-PSS. The tissue was enzymatically
dispersed by incubation in 50 uM Ca**-PSS with 1 mg ml™" papain
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(Sigma), 1.5 mgml™" collagenase type IA (Sigma), 5 mgml™"
bovine serum albumin and 2.5 mm DTT for 30 min and were then
washed twice in 50 uM Ca**-PSS. All enzyme and wash procedures
were carried out at 37 °C. After the enzyme treatments, the tissue
was incubated in 50 uM Ca?*-PSS at room temperature (20-25 °C)
for 10 min before the cells were released into the solution by gentle
mechanical agitation of the tissue using a wide-bore Pasteur
pipette. The suspension of cells was then centrifuged
(1000 r.p.m.) to form a loose pellet that was subsequently
resuspended in 0.75 mm Ca**-PSS. The cells were then plated onto
glass coverslips and stored at 4 °C before use (1-6 h).

The normal PSS contained (mM): NaCl (126), KCI (6), CaCl,
(1.5), MgCl, (1.2), glucose (10) and Hepes (11), and the pH was
adjusted to 7.2 with 10 M NaOH. Low Ca**-PSS (50 M and
0.75 mMm) had the same composition except that 1.5 mm CaCl, was
replaced by 50 um CaCl, and 0.75 mm CaCl,, respectively.

Electrophysiology

Whole-cell and single-channel currents were recorded with a List
L/M-PC patch-clamp amplifier at room temperature using
whole-cell recording and isolated outside-out patch
configurations of the patch-clamp technique (Hamill et al. 1981).
Patch pipettes were manufactured from borosilicate glass and had
pipette resistances of approximately 6-8 MQ when filled with the
patch pipette solution. Series resistance was not compensated.
Liquid junction potentials were minimised using an agar bridge
and calculated to be < 3 mV, and therefore were not compensated
for in the final records. The bath chamber was perfused by
solution reservoirs under gravity feed with flow rates of
approximately 5mlmin™' for whole-cell recording and a
‘push—pull’ system was used for isolated patches.

To evaluate the current-voltage (I-V) characteristics of the
whole-cell currents, voltage was stepped to —150 mV for 50 ms
from a holding potential of =50 mV before a voltage ramp was
applied to +100 mV (0.5 V s™'). The voltage ramps were generated
and the data captured with a Pentium (P5-100) personal
computer (Gateway, Ireland) using a CED 1401plus interface and
CED Patch and Voltage Clamp Software (Version 6.0, Cambridge
Electronic Design, Cambridge, UK). Data were filtered at 1 kHz
and sampled at 5 kHz. At least three ramps were used to create
each I-V curve. To obtain mean I-V relationships, the current
values of the I-V relationship from each myocyte were measured
at 10 or 20 mV intervals and then mean * s.E.M. values were
calculated. Long-term, whole-cell recordings were played back
from the analog output of a CDATA digital tape recorder (Cygnus
Technology, Delaware, PA, USA) using 1401plus and CED sigavg
software. The whole-cell currents were filtered at 10 Hz (-3 db,
low-pass, eight-pole Bessel filter, Frequency Devices, model LP02,
Scensys, Aylesbury, UK) and acquired at a sampling rate of 25 Hz.

Single-channel currents from whole-cell recording or isolated
patches were initially recorded onto a DAT recorder at a
bandwidth of 5kHz and a sample rate of 48 kHz. To resolve
single-channel currents from whole-cell recording, data were
filtered at 100 Hz (-3 db, low-pass eight-pole Bessel filter,
Frequency Devices, model LP02, Scensys) and acquired using a
CED 1401plus interface and CED Patch and Voltage Clamp
Software (Version 6.0, Cambridge Electronic Design) at a sample
rate of 1 kHz. Single-channel currents from isolated patches were
filtered at 1kHz (-3 db) and sampled at 10 kHz, giving a
maximum resolution of 0.664 ms (two times the rise time of a
1 kHz filter) and allowing over 90% of the single channel
amplitudes to be resolved (Colquhoun, 1987).
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Mean single-channel amplitudes were calculated from idealised
traces of at least 10 s duration with a stable baseline, using the
threshold-crossing method. One threshold level was used that
allowed all channel substates to be measured. For example, at
—50 mV the threshold value was set at about —0.6 pA, and
therefore any channel current larger than this value represented
channel opening. I-V relationships of the single-channel currents
were measured by manually changing the membrane potential.
The single-channel amplitudes from individual whole-cell
recordings or isolated patches were pooled and the unitary
conductance and reversal potential (E,) were determined by linear
regression (Origin software, OriginLab Corp., Northampton,
MA USA). Lifetime distributions were plotted using a 1 ms bin
width and, where appropriate, were fitted with one or more
exponential functions using the maximum likelihood method.
Events that lasted for < 0.664 ms were excluded from analysis. All
channel substates were included in the lifetime distributions. The
single-channel currents often had low activity and therefore it was
difficult to determine accurately the numbers of channels in a
patch. As such, we calculated open probability (P,) using the
equation:

P, = total open time/sample duration.

Burst duration analysis was carried out on channel currents in
patches that contained more than one closed time constant, with
the value of the fast time constant being at least 20 times smaller
than any other time constant (Albert & Large, 2001a). Similar to
the method of Magleby & Pallotta (1983), the critical time value
(Terir), which is used to distinguish closures within a burst from
closures between bursts, was calculated as 3—4 times the fast closed
time constant.

Solutions and drugs

The myocytes were bathed in a standard K*-free external solution
containing (mm): NaCl (126), CaCl, (1.5), Hepes (10), glucose
(11), 100 gm DIDS, 100 gM niflumic acid and 3-5 uMm
nicardipine, pH7.2 with NaOH (267 + 5 mosmol1™"). In the
0 [Ca*"], solution, 1.5 mMm CaCl, was omitted and 1 mM BAPTA
was added to chelate the Ca** to give a concentration of < 10 nMm
(calculated using EQCAL software, 290 + 5 mosmol I'"). In the
89 mM [Ca®*], solution, 126 mmM NaCl was replaced with 89 mm
CaCl, and the pH was set at 7.2 with Tris (279 + 5 mosmol 1™").
Under these conditions, voltage-gated Ca**, K*, swell-activated
Cl” and Ca**-activated Cl currents are abolished, allowing the
recording of non-selective cation conductances in isolation. The
standard internal patch pipette solution contained (mm): CsCl
(18), caesium aspartate (108), MgCl, (1.2), Hepes (10), glucose
(11), BAPTA (10), CaCl, (1, free [Ca*]; ~ 14 nM, as calculated
using EQCAL software), Na,ATP (1), NaGTP (0.2), pH 7.2 with
Tris (300 = 5 mosmol I™").

All drugs were from Sigma (UK). The values are the mean + S.E.M.
of n cells, and for any series of experiments, cells from at least three
animals were used. Statistical analysis was carried out using
Student’s t test (paired and unpaired), with the level of
significance set at P < 0.05.

RESULTS

Spontaneous non-selective cation conductance in
rabbit ear artery myocytes

Whole-cell currents were recorded from freshly dispersed
rabbit ear artery myocytes using K'-free external and



5
S
S

(7%
i
A
s
=

-

~

3
~

] Physiol 549.1

pipette solutions in which the Cl™ equilibrium potential
(Eq) was about —46 mV. Figure 1A illustrates a typical
spontaneous whole-cell current recorded from a rabbit ear
artery myocyte, which had a ‘noisy’ appearance and a
holding current of —49 pA at —50 mV. In 80 myocytes, the
mean spontaneous whole-cell current at =50 mV was
—65 * 4 pA (range —32 to —85 pA). Figure 1B shows that
the mean current—voltage (I-V) relationship of the
spontaneous whole-cell current exhibited slight inward
rectification and an E, of about 0 mV, which is much more
depolarised than Eqy (n=6). Therefore, the large,
spontaneous whole-cell currents present in ear artery
myocytes combined with their ‘noisy’ appearance
suggested that rabbit ear artery myocytes contain a
constitutively active cation conductance.

Ionic basis of spontaneous current
To further establish whether the spontaneous whole-cell
currents in ear artery myocytes were due to a constitutively

A 126 mM NMDG- Cl

200
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active cation conductance, we carried out experiments on
the effects of replacing external 126 mm NaCl with
equimolar concentrations of the salts of the impermeant
cation ion NMDG and the impermeant anion isethionate.
Figure 1A shows that changing from an external 126 mm
NaCl solution to one containing 126 mmM NMDG-CI
reduced the whole-cell current at =50 mV from —49 pA to
—12 pA and decreased its ‘noisy’ appearance. In six artery
myocytes, changing from 126 mm NaCl to 126 mm
NMDG-CI reduced the mean whole-cell current from
—62 = 8 pAto—17 £ 4 pA at =50 mV (P < 0.05, Fig. 1B)
and shifted the E, of the mean I-V relationship from about
0 to —22 mV (Fig. 1B). Figure 1C and D shows that in six
myocytes, bath application of 126 mMm sodium isethionate
had no effect on the holding current at =50 mV or the
mean [-V relationship and E,. These results suggest that
the spontaneous whole-cell currents are due to a
constitutively active non-selective cation conductance
with negligible anion permeability.

C 126 mM Nalseth

20s

50

100 pA M 50 pA

B 2007
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Figure 1. Constitutively active non-selective cation current observed with whole-cell

recording in rabbit ear artery myocytes

A, whole-cell recording of a ‘noisy’ inward current at a holding current of =50 mV. The vertical current
deflections are in response to voltage ramps from —150 to +100 mV. Note that replacing 126 mm NaCl with
NMDG-CI reduced the ‘noisiness’ and the amplitude of the current at =50 mV. In this and subsequent
figures, the horizontal arrow indicates zero current. The inset shows original current traces in 126 mm NaCl
(a) and 126 mm NMDG-CI (b). B, mean I-V relationship of spontaneous current in 126 mm NaCl and
126 mM NMDG-CI in six cells. C, another cell where 126 mm NaCl was replaced by 126 mm sodium
isethionate (Nalseth). D, mean I-V relationship of the spontaneous current in 126 mm NaCl and 126 mm

sodium isethionate in six cells.
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Table 1. The effect of membrane potential on the kinetic properties of constitutively active
single-channel currents from isolated outside-out patches

Membrane potential P, 0, 0,, C,, C, T.. B,, B,, n
S (mV) (ms) (ms) (ms) (ms) (ms) (ms) (ms)
go =90 0.18 £0.07¢ 0.8%0.1 59105 13+0.1 74 £ 15 6.8£0.3 53+0.7 50 £ 13% 8
'3 =70 0.14+0.04 09%0.1 48+0.5 12+0.1 65+t 17 58+0.1 49+t1.1 41 + 8.0 7
‘5 =50 0.09+£0.03 0.8£0.1 45+0.3 13+£0.1 89+ 17 6.6+0.4 50+0.4 23 £3.0 24
S\ -30 0.03+£0.03 09+0.2 46+0.5 1.6£0.1 127 £ 35 8.1+0.3 6.3+0.9 27+6.5 5
A -10 0.04+0.01 07%0.1 43+0.4 1.6+£0.1 117 £ 11 721038 6.1+1.4 26+7.5 6
Ha +10 0.08+0.03 0.7%0.2 5503 15+£0.1 71+7.0 73+0.2 49+0.4 20+23 5
'E +30 0.40£0.13* 09%0.1 58+ 1.2 1.1+£0.1 37 £13* 57+0.6 6.0+0.4 41 +4.0* 6
S +50 0.65+0.18 09%0.1 5.6+ 0.4 1.0£0.1 35+6.0%* 4.8x0.1 6.1+1.4 58 £ 11* 6
g P.: open probability, O, , O,,: mean open times, C,,,C,,: mean closed times, B, ,, B,,: mean burst times,
~ T, critical time value. *P < 0.05 compared to values at -50 mV.

Single-channel currents resolved with whole-cell
recording

In the first instance, to investigate the single-channel
currents underlying spontaneous whole-cell currents in
ear artery myocytes, we recorded spontaneous whole-cell
currents using a higher gain (see Methods). Figure 2A
shows a spontaneous whole-cell current that had a typical
‘noisy’ appearance and a holding current of —39 pA at
—50 mV. The faster time record in the lower trace of
Fig. 2A shows that the ‘noisy’ appearance of the
spontaneous whole-cell current was due to rapid
transitions between discrete resolvable current levels, i.e.
representing opening and closing of ion channels. The
records show that the channel currents had at least two
different amplitude levels and in five myocytes the mean

A

________________ A T

2pA
100ms

amplitudes were —1.02 + 0.03 pA and —1.72 £ 0.08 pA at
—50 mV. In addition, a smaller channel current amplitude
was observed, but this level could not be accurately
resolved using the filtering conditions needed to observe
single-channel currents in the whole-cell configuration.
Figure 2B shows that both resolvable open levels in
spontaneous whole-cell currents had mean pooled I-V
relationships from five patches that had slope
conductances of 18 pS and 32 pS and, moreover, both had
an E, of about +2 mV (close to the E, of the spontaneous
whole-cell current).

These data suggest that opening of cation channels
underlies the spontaneous whole-cell cation conductance
in ear artery myocytes and that these channel currents have
atleast two different conductance states.

B

SpA

Figure 2. Single-channel currents resolved with whole-cell recording

A, an illustration that background ‘noise’ can be resolved into single-channel currents, which, with the
degree of filtering used, appear to possess at least two channel levels (see Methods). In this and subsequent
single-channel records, the continuous horizontal line is the closed state and the dashed lines represent open
levels, with inward currents represented as downward deflections. In this cell the holding current at =50 mV
was —39 pA. B, [-V relationship of single-channel current amplitudes recorded with whole-cell recording.
Each point is the mean of five cells; with some values the error bars are smaller than the symbols.
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Spontaneous single cation channel currents in
isolated outside-out patches from rabbit ear artery
myocytes

To describe accurately the biophysical properties of the
single cation channel currents underlying spontaneous
whole-cell currents in ear artery myocytes, we recorded
spontaneously active cation channel activity in isolated
outside-out patches. The isolated outside-out patch
configuration has the advantage of improving the signal-
to-noise ratio compared to whole-cell recording and
therefore we could use less filtering and a higher sample
rate during data acquisition to resolve more accurately
different conductance states (see Methods).

In 46 outside-out patches, spontaneous cation channel
activity could be observed immediately after excision of the
patch from the whole-cell configuration and throughout the
duration of the recording (up to 1 h) the level of activity did
not alter. In 24 patches the spontaneous cation channel
currents had an open probability (P,) of 0.09 £0.03 at
—50 mV (Table 1). The remaining patches did contain
channel currents, but these either had very low activity
(P, <0.001, n=17) or very high activity (P, > 0.5, n = 5) at

Spontaneous cation current in vascular myocytes 147

—50 mV. These differences in channel activity recorded in
isolated patches may explain the variations in the amplitudes
of the spontaneous whole-cell currents (range —32 to —85 pA
at —50 mV), although as the number of channels in whole-
cell and isolated patches could not be measured, direct
comparison of channel activity cannot be made.

Figure 3A shows spontaneously active cation channel
currents with a P, of 0.14 at —50 mV. The faster time
records beneath the longer time course show that the
cation channel currents opened to three discrete
amplitude levels and that there were also transitions
between each of these three levels. Figure 3B shows that the
amplitude histogram of the channel currents shown in
Fig. 3A had three major peaks that were fitted by three
Gaussian curves with peaks at —0.76, —1.22 and —2.12 pA.
The amplitudes greater than the Gaussian peak at
—2.12 pA probably represent multiple openings of the
amplitude levels, since this patch contained more than one
channel. Figure 3C shows pooled mean [-V relationships
from several patches; the three amplitude levels had slope
conductances of 15,25 and 41 pS (n = 5-24) and all had an
E, of about —2 mV.

-076pA

No. of dbservations

Events per 0.01 pA

Figure 3. Spontaneous single-channel currents recorded in isolated outside-out patches

A, spontaneous single-channel activity at =50 mV on different gains and time scales. Amplified traces were
selected to illustrate the direct transitions between all three open levels. B, amplitude histogram giving three
unitary current amplitudes from the same cell used in A, at =50 mV; note that the smallest is the most
commonly observed level. Note also that there are multiple openings, indicating that there is more than one
channel in the patch. C, mean I-V relationship of the three current levels and each point is the mean of 5-24

patches.
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Kinetic analysis of the spontaneous cation channel
currents

Table 1 and Fig. 4 show the kinetic properties of the
spontaneous cation channel currents recorded in isolated
outside-out patches at —50mV. The open time
distributions of the spontaneous channel currents at
—50 mV using all three conductance levels could be
described by the sum of two exponentials with open time
constants (O,) of about 1 ms (O,,) and 5 ms (O,,, Fig. 44,
Table 1). The closed time distributions of the channel
currents at —50 mV could also be described by the sum of
atleast two exponentials with closed time constants (C,) of
about 1.5 ms (C,,) and 90 ms (C,,, Fig. 4B, Table 1). The
significant difference between the faster closed time
constant (C,,) and the slower time constant (C,,) suggest
that the spontaneous cation channel currents exhibit
bursting behaviour, with C,; reflecting channel closures
within bursts of activity and C,, relating to channel
closures between bursts. Table 1 shows thata T.,; value was
calculated to distinguish between bursts of channel
openings (see Methods); the burst lifetime distribution at
—50mV could be described by the sum of two
exponentials with burst lifetime time constants (B,) of
about 5 ms (B,;) and 25 ms (B,,, Fig. 4C).

Effect of membrane potential on the properties of
spontaneous cation channel currents

Table 1 also shows that membrane potential had
significant effects on the properties of spontaneous cation
channel currents. Hyperpolarising the membrane from
—50 to —90 mV significantly increased the mean P, of the

] Physiol 549.1

spontaneous channel currents by about twofold, which
was associated with a significant increase in the longer
burst time (B,,, Table 1). Depolarising the membrane
from —50 mV to +30 mV and +50 mV also significantly
increased mean P, by five- and sevenfold, respectively and,
moreover, these increases in P, were associated with
significant increases in the longer burst times (B,,) and
significant decreases in the longer closed times (C,,,
Table 1). Between —50 mV and +10 mV, the properties of
the spontaneous cation channel currents did not change
significantly, and interestingly neither of the mean open
times (O, O,,) were altered at any membrane potential
(Table1).

Effect of [Ca’*], on spontaneous cation channel
currents in rabbit ear artery myocytes

We have shown previously cation conductances in rabbit
portal vein myocytes that have a significant permeability to
Ca’' ions, and which can be modulated by [Ca**], (Wang
& Large, 1991; Helliwell & Large, 1996; Albert & Large,
2001b; 20024, b), and therefore we investigated the effect
of [Ca**], on the spontaneous whole-cell and single cation
channel currents in ear artery myocytes.

Figure 5A shows that changing from 1.5 mm [Ca®], to 0
[Ca®'], increased the spontaneous whole-cell current from
—34 pA to —76 pA at =50 mV, and increased its ‘noisy’
appearance. In six ear artery myocytes, changing from
1.5mM to 0 [Ca®*], increased the mean spontaneous
whole-cell current from —35+ 3 pA to —97 = 25 pA at
—50 mV (Fig. 5B, P < 0.05). Figure 5B shows the mean I-V

-50 mVv
A B
200 6001
5001 B
2 150 0,=11ms C =13ms
S v C,=68ms
= On2 =52ms 400 "'
g T.it=6.5ms
[0
(2}
8 100 3001
G
2 2001
50
100+
0 ; —8— : ) oL r . ) 0
0 5 10 15 20 25 30 0 50 100 150 200 0 50 100 150

Open times per 0.5 ms

Closed times per 1 ms

Burst times per 1 ms

Figure 4. Kinetic properties of the constitutively active single-channel currents

A, Band C show the open (O,), closed (C,) and burst time (B,) distributions of spontaneously active single-
channel currents at =50 mV from a typical cell. All three distributions could be fitted by the sum of two

exponentials. T;; = critical time value (see Methods).
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relationships of six spontaneous whole-cell currents
recorded in 1.5 mM and 0 [Ca*'],, and it can be seen that
thelevel of [Ca®*], had no effect on E,.

Figure 5C shows that changing from 1.5 mMm to 0 [Ca®"],
enhanced markedly the activity of cation channel currents,
and in this patch P, was increased from 0.09 to 0.26. In
nine patches, changing from 1.5 mm [Ca*'], to 0 [Ca’'],
significantly increased the mean P, of spontaneous
channel activity from 0.06 £+ 0.02 t0 0.36 + 0.12 (P < 0.05)
and, moreover, the activity of all three amplitude levels was
increased (Fig. 5C). Figure 5D shows that in 0 [Ca®'], the
mean pooled I-V relationships of the spontaneous
channel currents from several patches had slope
conductances states of 15,26 and 43 pS (n = 5-9), and that
all three states had an E, of about —2 mV. Therefore,
removal of [Ca*'], increased the whole-cell current by
increasing P,, but did not change the unitary conductance
of the channels.

We also investigated the effect of an intermediate [Ca*"],
on spontaneous cation channel currents in isolated

A o[ca’,
20s
50 pA |
B
150 100
2-
15mM[Ca*], U
200+
0[Ca*], 300
(PA)
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outside-out patches. In 10 patches, changing from 1.5 mm
[Ca**], to 100 um [Ca*'], significantly increased the mean
P, of spontaneous channel activity from 0.07 £ 0.03 to
0.20 + 0.05 (P < 0.05), but did not alter the amplitude of
the three conductance states or their mean -V
relationships and E, (data not shown).

In 0 and 100 um [Ca*'],, the open, closed and burst
lifetime distributions of the cation channel currents at
—50 mV could all be described by the sum of the same
number of time constants as those channel currents
recorded in 1.5 mM [Ca**],. However, in nine patches the
increase in channel activity on changing from 1.5 mM to 0
[Ca**], at =50 mV was associated with a significant
increase in the longer burst time (B,,) from 22 + 3 ms to
49 £ 7ms (P <0.05) and a significant reduction in the
longer closed time (C,,) from 128 + 43 ms to 38 = 3 ms
(P <0.05). In addition, in 10 patches, changing from
1.5 mM to 100 um [Ca®*], at —50 mV was also associated
with a significant increase in the longer burst time (B,,)
from 22 £ 2 ms to 38 = 5 ms (P < 0.05) and a significant

0[ca®,

2pA

25ms
D 3
2_
1 Q
40
(mV)

Figure 5. Effect of removing external Ca?* ions on whole-cell and single-channel activity in an

isolated outside-out patch

A, spontaneous whole-cell current where external Ca** ions were removed (+1 mM BAPTA). B, mean -V
relationship of whole-cell current in 1.5 mM or 0 [Ca*], in six cells. C, effect of 0 [Ca**], on single-channel
currents in an outside-out patch. The shift in baseline is due to reduced seal resistance caused by 0 [Ca®'],,
which also produced multiple openings and accounts for some currents exceeding the level of the highest
conductance state. D, mean I-V relationship of the three conductance levels of the single-channel currents

shown in B. Each point is the mean of 5-9 patches.
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reduction of the longer closed time (C,,) from 93 + 12 ms
to 53 + 8 ms (P < 0.05). Changing from 1.5 mM to 0 or
100 uM [Ca®*], at —50 mV had no effect on the two mean
open times.

To investigate whether the spontaneous cation channels
were permeable to Ca*" ions, we carried out experiments
using 89 mm [Ca®'],. Figure 6A illustrates the effect of an
external solution containing 89 mMm [Ca’'], on the
spontaneous whole-cell current. Changing from 1.5 mm
to 89 mMm [Ca*'], reduced the whole-cell current from
—74 pA to =8 pA at —50 mV and greatly reduced the
‘noisy’ appearance of the spontaneous current (Fig. 6A). In
five myocytes, changing from 1.5 mm [Ca’], to 89 mm
[Ca®"], significantly reduced the mean whole-cell current
from —54 £ 22 pA to —10 = 3 pA (P < 0.05) at =50 mV.
Figure 6B shows that changing from 1.5 mMm [Ca*'], to
89 mm [Ca®'], produced a mean [-V relationship with
dual rectifying properties, with increases in current
amplitude at the extremes of the voltage ramp. Moreover,
in five myocytes, on changing from 1.5 mM [Ca®*], to
89 mm [Ca*'], the E, of the mean -V relationship was
shifted to about +30 mV (Fig. 6B).
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Figure 6C shows the effect of changing from 1.5 mm
[Ca’*], to 89 mM [Ca**], on spontaneous cation channel
currents in an isolated outside-out patch at =50 mV. On
changing from 1.5 mM to 89 mm [Ca*'],, three channel
current amplitudes were observed, although their
amplitudes were all smaller than those recorded in 1.5 mm
[Ca**], (Fig. 6C). Figure 6D shows that in five patches
recorded in 89 mm [Ca*'], the three open levels had
conductance states of 7, 12 and 19 pS (i.e. about half the
values obtained in 1.5mMm [Ca®*"],) and, moreover,
extrapolation of the inward current amplitudes, which
represents the influx of Ca** ions through the cation
channels, gave an E, of about +30 to +40 mV.

These data suggest that removal of [Ca®*], markedly
enhances the activity of spontaneous cation channel
currents in rabbit ear artery myocytes and that these
channels are also permeable to Ca** ions.

The effect of the DAG analogue 1-oleoyl-2-acetyl-sn-
glycerol (OAG) onisolated outside-out patches

We have shown previously that the DAG analogue OAG
activates cation conductances in rabbit portal vein

15mM [Ca?'],
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N
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450 125 100 75 A | "2 =0
_1—
708 | (mVY)

2
12pS ]
3
1908 1 @A
4-

Figure 6. Spontaneous inward current is carried by Ca?* ions in whole-cell and outside-out

patches

A, effect of replacement of 126 mm NaCl by 89 mm CaCl, on spontaneous whole-cell current. B, mean -V
relationship of spontaneous whole-cell current in 89 mm CaCl, in five cells. C, single-channel currents in
1.5 mMm and 89 mM CaCl, in the same outside-out patch. D, mean I-V relationship of unitary current in five

outside-out patches in 89 mm CaCl,.
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myocytes via both PKC-dependent and PKC-independent
mechanisms (Helliwell & Large, 1997; Albert & Large,
2002b) and therefore we investigated effect of OAG in
rabbit ear artery smooth muscle cells.

Figure 7A shows that application of 50 gM OAG evoked a
‘noisy’ whole-cell cation current with peak amplitude of
—16 pA at —50 mV, which subsequently declined in the
presence of OAG. In seven myocytes, bath application of
50 uM OAG activated cation currents with a mean peak
amplitude of =17 + 3 pA at —50 mV. Figure 7B shows the
mean I-V relationship from seven myocytes; it can be seen
that the E, was similar to those of the spontaneous whole-
cell current.

To investigate whether the channel currents underlying
the OAG-induced whole-cell currents were the same as
spontaneous cation channel currents, we examined the
effect of OAG on isolated outside-out patches that
contained spontaneous cation channel currents with a
relatively low P, (< 0.001) in which excitation would be
easier to observe. Figure 7C shows that bath application of
50 uM OAG activated inward channel currents with a P, of
0.12 at —50 mV, which had three different amplitude

50 UM OAG

50 pA
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B 150+
1001
50‘
50 100
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levels. In seven patches, the mean P, of the OAG-evoked
channel currents was 0.08 £ 0.03 and the mean amplitude
of the three open levels was —0.76 = 0.05 pA,
-1.12+0.05pA and -2.18+0.13pA at —-50mV.
Figure 7D shows that the mean pooled I-V relationships of
OAG-induced channel currents from several patches had
slope conductances of 16, 24 and 44 pS (n = 5-7), and all
three I-V relationships had E, of about —2mV. In
addition, the kinetic properties of the OAG-evoked
channel currents at —50 mV were not significantly
different from those of the spontaneous cation channel
currents (data not shown).

To investigate further whether the OAG-induced channel
currents were similar to the spontaneous cation channel
currents, we examined the effect of removing [Ca**],. On
changing from 1.5 mMm to 0 [Ca®'], the mean P, of the
OAG-induced channel currents was significantly
increased from 0.07 = 0.03 t0 0.20 + 0.06 (n = 5, P < 0.05)
at —50 mV, and this was associated with an increase in the
longer burst time (B,,) from 38 £ 10 ms to 66 £ 11 ms
(n=5,P <0.05),and areduction in the longer closed time
(C,,) from70 £ 12 msto45 + 11 ms (n =5, P < 0.05).

C 50 uM OAG
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Figure 7. The effect of the DAG analogue OAG on whole-cell and single-channel activity

A, bath application of 50 uM OAG activated a whole-cell current that subsequently declined. B, mean I-V
relationship of whole-cell current in the absence and presence of 50 #M OAG in seven cells. C, effect of 50 um
OAG on an outside-out patch where the basal activity was relatively low. D, mean I-V relationship of the
single-channel currents activated by 50 M OAG, with each point a mean of 5-7 patches.
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These data show that OAG increases the activity of the
constitutively active cation channels.

The effect of PKC modulation on the spontaneous
cation conductance

It is well known that DAG is an activator of PKC and
therefore we investigated whether OAG activates the
cation channel currents in isolated outside-out patches via
a PKC-dependent mechanism by examining the effect of
the PKC activator, phorbol 12,13-dibutyrate (PDBu).
Figure 8A shows that bath application of 1 um PDBu
reversibly decreased a spontaneous whole-cell current
from —35 pAto—17 pAat —50 mV and reduced the ‘noisy’
appearance of the spontaneous current. In five myocytes,
bath application of 1 uMm PDBu significantly inhibited the
mean spontaneous whole-cell current from —62 + 23 pA
to =31 £ 13 pA (P < 0.05, Fig. 8B) at =50 mV. Figure 8B
shows the mean [-V data from five myocytes in which
1 uM PDBu did not alter the E..

To investigate the effect of activating PKC at the single-
channel level we examined the effect of PDBu in outside-

A 1 uM PDBU

S0pA

] Physiol 549.1

out patches that had relatively high spontaneous channel
activity (P, > 0.5), in which inhibition could be readily
observed. Figure 8C shows in a long-term recording that
bath application of 1 um PDBu reduced the ‘noisy’
appearance of spontaneous cation channel currents at
—50 mV. The faster time recordings beneath the long-term
trace show that after about 5 min of treatment with 1 um
PDBu the fluctuations are reduced to reveal individual
channel openings that represent a reduction in P, from 1.9
to 0.08. In addition, the long-term and faster time
recordings show that the effect of 1 um PDBU was partially
reversible. In five patches, bath application of 1 um PDBu
decreased the mean P, of the spontaneous cation channel
currents from 1.86 = 0.76 to 0.36 = 0.22, representing a
82 + 11 % reductionin P,

These results suggest that stimulation of PKC inhibits the
spontaneous cation conductance in ear artery myocytes
and it is therefore unlikely that OAG activates the cation
channel currents via a PKC-dependent mechanism.

B
100 1
PDBu
/ ®A
Control @

Figure 8. The effect of PDBu on whole-cell current and single-channel currents in isolated

patches

A, reversible suppression of whole-cell current at a holding potential of =50 mV by 1 gM PDBu. B, mean I-V/
relationship of whole-cell current in the absence and presence of 1 gM PDBu in five cells. C, effect of 1 um
PDBu on single-channel currents in an outside-out patch. In this patch the channel activity was relatively
high and it is difficult to resolve discrete single-channel openings; the record simply appears ‘noisy’. Also, in
the outside patch the effect of PDBu was partially reversible.
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The effect of the PKC inhibitor chelerythrine on
isolated outside-out patches

The data with PDBu show that activation of PKC inhibits
both spontaneous whole-cell currents and spontaneous
cation channel currents in isolated outside-out patches.
Next we investigated whether there is constitutive PKC
activity which suppresses the carbon conductance by
studying the effect of the PKC inhibitor chelerythrine on
spontaneous whole-cell current and on channel activity in
isolated patches. For these experiments we used patches
with a relatively low P, (< 0.001) so that excitation could
be easily observed.

Figure 9A shows that bath application of 3 um
chelerythrine increased the spontaneous whole-cell
current. At first the increase is observed only at the most
positive and negative potentials of the ramps, but after
about 4 min the spontaneous current at —50 mV was
increased from —38 pA to —88 pA (Fig. 9A). In six
myocytes, bath application of 3 uM chelerythrine
significantly increased the mean spontaneous whole-cell

A 3 uM Chelerythrine

50s

Control

Chelerythrine
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current from —35+4pA to —77 £ 16 pA at —50 mV
(P <0.05, Fig. 8B). Figure 9B also shows the mean I-V
relationship of the spontaneous whole-cell current; note
that E, was not altered in chelerythrine (n = 6).

Figure 9C illustrates that bath application of 3 uM
chelerythrine activated inward channel currents in an
isolated outside-out patch held at =50 mV that had a P, of
0.08 at maximum activation. The fast time records also
show that chelerythrine-induced channel currents had
three different amplitude levels. In 10 patches, bath
application of 3 uMm chelerythrine activated channel
currents with a mean P, of 0.08 £ 0.02 and amplitude
levels of —0.88+0.03pA, -1.28+0.04pA and
—2.25 £ 0.06 pA at =50 mV. Figure 9D shows that the
mean pooled I-V relationships of the three amplitude
levels from several patches had slope conductances of 15,
25 and 40 pS, respectively (n = 4-10) and they all had an E,
of about —2mV. The chelerythrine-induced channel
currents at —50 mV also had kinetic properties that were
similar to the data shown in Table 1 (data not shown).

c 3 uM Chelerythrine

(PA)

Figure 9. The effect of chelerythrine on whole-cell current and single-channel currents in an

outside-out patch

A, effect of chelerythrine on whole-cell current at a holding potential of =50 mV. At first the increase in
current was noticeable at extreme potentials of the voltage ramps before an inward current at =50 mV was
observed. B, mean I-V relationship of whole-cell current in the absence and presence of 3 uM chelerythrine
in six cells. C, effect of 3 uM chelerythrine on single-channel activity in an outside-out patch. Note that there
are several multiple openings in this patch, which accounts for some single-channel currents being
apparently larger than the indicated conductance levels. D, mean I-V relationship of chelerythrine-induced
single-channel currents in isolated outside-out patches. Each point is the mean of 4-10 patches.
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On changing from 1.5 mm [Ca**], to 0 [Ca®*],,, the mean P,
of the chelerythrine-induced channel currents was
significantly increased from 0.05 = 0.03 to 0.12 +0.01
(n=5, P <0.05) at =50 mV, and this was associated with
an increase in the longer burst time (B,,) from 27 = 4 msto
45 £+ 4 ms (P < 0.05) and a reduction in the longer closed
time (C,,) from 90 + 20 msto 58 + 9 ms (P < 0.05).

These results indicate that chelerythrine activates the same
channel currents as the spontaneous cation channel
currents, and therefore suggests that there is constitutive
PKC activity in rabbit ear artery myocytes that suppresses
cation channel activity.

DISCUSSION

In the present work we have described a constitutively
active non-selective cation current with whole-cell
recording and the properties of the underlying channel
currents in outside-out patches of rabbit ear artery
myocytes. The channels described here are different
conductances from the non-selective cation channel
currents that have been described previously for this
preparation. A non-selective cation current gated by ATP
was demonstrated by Benham et al. (1987) in ear artery
myocytes, but these are ligand-gated channels that require
the presence of the agonist to produce significant channel
opening. Moreover, the ATP-gated channel has only a
single conductance level of about 20 pS (Benham & Tsien,
1987), compared to the three conductance states of the
basally active channel described in the present work.
Previously we have also described a Ca**-activated non-
selective cation channel in ear artery myocytes that has a
single-channel conductance state of about 28 pS, but is
impermeable to Ca’" ions (Wang et al. 1993). This is in
contrast to the conductance described here, which is
constitutively active when [Ca®']; is buffered to very low
levels, readily allows the permeation of Ca** ions and
possesses three conductance states.

Comparison of whole-cell currents with single-
channel currents inisolated patches

There is considerable evidence to show that the single-
channel currents recorded in isolated patches underlie the
whole-cell current. With both recording configurations,
the conductances were spontaneously active and were
permeable to Ca** ions. In addition, removal of Ca** ions
increased the amplitude and ‘noisiness’ of the whole-cell
current, which was reflected in the large increase in the P,
of single-channel currents in isolated patches. Moreover,
the amplitude of the whole-cell currents and channel
activity in isolated patches was increased by OAG and
chelerythrine, but decreased by PDBu. Although only two
single-channel states of about 18 and 32 pS were resolved
with whole-cell recording, it seems extremely likely that
the degree of filtering that was necessary to observe these
events prevented the resolution of the three levels

] Physiol 549.1

identified in isolated patches where considerably less
filtering was used. Overall, therefore, the data indicate that
the spontaneous channel currents observed in isolated
patches generated the constitutively active conductance
recorded with whole-cell recording.

Do the three channel current levels represent
substates of the same channel or different
conductances?

The following evidence suggests that the different current
levels represent different substates of the same channel
rather than separate channels. First, all three states were
always observed in isolated patches and no patches
demonstrated only one or two conductance levels.
Moreover, in relatively quiescent patches where the P, was
low, application of OAG and chelerythrine increased the
activity of all three states. Also, reduction of P, by PDBu
was associated with a decrease in openings to the three
channel levels. Secondly, it was possible to observe discrete
transitions between all states in patches that appeared to
contain only one channel. Finally, the E, of the three states
was similar and the amplitudes and E, values were altered
by similar amounts in 89 mm [Ca*'],. In summary, it
appears that a single channel protein is responsible for the
constitutive activity, but that the channel has three
conductance states.

Comparison with non-selective cation channelsin
rabbit portal vein

We have reported previously two Ca**-permeable non-
selective cation conductances in rabbit portal vein, and it is
of interest to compare these channels with that described
in the present study. Itis clear that the channel described in
the present work is distinct from the store-operated
channel reported in the portal vein, which has markedly
different channel properties and modulation by PKC (cf.
present work with Albert & Large, 20024, b). However,
although there are some similarities, there are also notable
differences between the noradrenaline-evoked current
(I.;) in rabbit portal vein and the constitutively active
currentin ear artery.

In portal vein, I, displays little basal activity and is
activated by noradrenaline (Byrne & Large, 1988), whereas
in rabbit ear artery there is a high level of constitutive
activity. In both tissues, the DAG analogue OAG
stimulates the current via a PKC-independent mechanism
(Helliwell & Large, 1997 and present work), but using
identical recording conditions different responses to
activators and inhibitors of PKC were observed. In portal
vein myocytes, neither PDBu nor chelerythrine altered the
noradrenaline-induced I, (Helliwell & Large, 1997). In
contrast, in ear artery myocytes, PDBu and chelerythrine
decreased and increased, respectively, the spontaneous
current. These results indicate that PKC has a modulatory
role on the cation current in ear artery but not in portal
vein, at least under these recording conditions. Moreover,
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in ear artery it appears that there is a tonic PKC activity that
suppresses channel activity.

Single-channel recording in outside-out patches showed
that in portal vein in 1.5 mM [Ca*'],, the predominant
state has a conductance of 23pS, but that a
subconductance level of 13 pS is also present in some
patches (Albert & Large, 20014, b). In ear artery, three
conductance states of about 15, 25 and 40 pS were
apparent, and the lower conductance state was the most
commonly observed level. Also, in portal vein, removal of
[Ca**], and hyperpolarising the membrane from —50 to
—90 mV had no effect on the P, (Albert & Large, 2001a, b).
In contrast, in ear artery there was a marked increase in P,
on removal of [Ca**], (sixfold) and hyperpolarisation
(twofold). Therefore, the single-channel studies also reveal
marked differences in the properties of the non-selective
cation conductance in portal vein and ear artery, which
suggests that they are different molecular entities.
However, it should be noted that the cation channels in
both the portal vein and ear artery have similar kinetic
properties. Both conductances have two mean open times
of similar value and, moreover, the channels in both
preparations display bursting behaviour with two burst
durations with values of the same order (cf. present study
with Albert & Large, 2001a).

It has been shown that a member of the transient receptor
potential (TRP) group of proteins, TRPC6, is an important
component of the cation conductance in rabbit portal vein
(Inoue et al. 2001). Based on the above discussion, the
conductance in ear artery is not simply TRPC6, but is likely
to belong to the same family of proteins.

Physiological significance of non-selective cation
currentinrabbit ear artery smooth muscle cells

The resting membrane potential in intact segments of ear
artery is between —60 and —65 mV (Droogmans et al. 1977;
Suzuki & Kou, 1983) and therefore the constitutively
active cation current described in this paper may drive the
membrane potential to values more depolarised than Ex
(i.e. it may contribute to the resting conductance). It is
possible that this, or a similar conductance may be
important in non-vascular smooth muscle and other cells.
For example, classical experiments of Biilbring & Tomita
(1970) demonstrated that removal of [Ca**], depolarised
the guinea-pig taenia coli, with a concomitant reduction in
membrane resistance. Since these effects were not
observed if external NaCl was replaced by sucrose, it was
concluded that [Ca®'], controlled the Na* permeability
(Biilbring & Tomita, 1970). These results could be
accounted for by the mechanism described in the present
work, and might also occur in other electrically excitable
cells where a reduction of [Ca®'], leads to membrane
depolarisation and increased excitability. Finally, since the
constitutively active conductance is permeable to Ca** ions
this pathway may be responsible for basal Ca** influx.
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