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Role of phospholipase D and diacylglycerol in activating
constitutive TRPC-like cation channels in rabbit ear

artery myocytes

A. P. Albert, A. S. Piper and W. A. Large
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Previously we have described a constitutively active Ca®* -permeable non-selective cation channel
in freshly dispersed rabbit ear artery myocytes that has similar properties to canonical trans-
ient receptor potential (TRPC) channel proteins. In the present study we have investigated
the transduction pathways responsible for stimulating constitutive channel activity in these
myocytes. Application of the pharmacological inhibitors of phosphatidylcholine-phospholipase
D (PC-PLD), butan-1-ol and C2 ceramide, produced marked inhibition of constitutive channel
activity in cell-attached patches and also butan-1-ol produced pronounced suppression of
resting membrane conductance measured with whole-cell recording whereas the inactive
isomer butan-2-ol had no effect on constitutive whole-cell or channel activity. In
addition butan-1-ol had no effect on channel activity evoked by the diacylglycerol
(DAG) analogue 1-oleoyl-2-acetyl-sn-glycerol (OAG). Inhibitors of PC-phospholipase C
(PC-PLC) and phospholipase A, (PLA,) had no effect on constitutive channel activity.
Application of a purified PC-PLD enzyme and its metabolite phosphatidic acid to inside-out
patches markedly increased channel activity. The phosphatidic acid phosphohydrolase
(PAP) inhibitor DL-propranolol also inhibited constitutive and phosphatidic acid-induced
increases in channel activity but had no effect on OAG-evoked responses. The
DAG lipase and DAG kinase inhibitors, RHC80267 and R59949 respectively, which
inhibit DAG metabolism, produced transient increases in channel activity which were
mimicked by relatively high concentrations (40 uM) of OAG. The protein kinase C
(PKC) inhibitor chelerythrine did not prevent channel activation by OAG but blocked
the secondary inhibitory response of OAG. It is proposed that endogenous DAG is involved in the
activation of channel activity and that its effects on channel activity are concentration-dependent
with higher concentrations of DAG also inhibiting channel activity through activation of PKC.
This study indicates that constitutive cation channel activity in ear artery myocytes is mediated
by DAG which is generated by PC-PLD via phosphatidic acid which represents a novel activation
pathway of cation channels in vascular myocytes.
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We have previously described a constitutively active
Ca’"-permeable non-selective cation current (I.) in
freshly dispersed rabbit ear artery myocytes (Albert
et al. 2003) which has been proposed to contribute
to resting membrane conductance (Albert et al. 2003;
Albert & Large, 2004). In addition it has been shown
that the neurotransmitter noradrenaline enhances this
conductance and therefore I, may also contribute
to sympathetically mediated vasoconstriction (Albert &
Large, 2004). Constitutively active cation conductances
have also been described in other smooth muscle
preparations (Bae et al. 1999; Thorneloe & Nelson, 2004)
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indicating that these cation channels may have important
roles in regulating cellular excitability in different cell
types.

There are some notable similarities between
constitutively active I, in ear artery myocytes and
noradrenaline-evoked I, in rabbit portal vein (Helliwell
& Large, 1997; Albert et al. 2003; Albert & Large, 2004;
Albert & Large, 2003) which involves a member of the
canonical transient receptor potential (TRPC) channel
proteins (TRPC6) (Inoue et al. 2001). These similarities
suggest that I, in ear artery may also be composed of
TRPC channel proteins but important differences in its
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constitutive nature and single channel properties suggest
that in ear artery I, is unlikely to be simply TRPC6.

In all cell types a key question concerns the mechanisms
of activation of native TRPC-like channels as most studies
have investigated activation of TRPC proteins expressed
in cell lines. In rabbit ear artery, studies on the trans-
duction mechanism underlying activation of I, have
shown a complex regulation by diacylglycerol (DAG).
The DAG analogue 1-oleoyl-2-aceyl-sn-glycerol (OAG)
produced both excitation and inhibition of I, (Albert et al.
2003; Albert & Large, 2004) with activation of I ., produced
via a protein kinase C (PKC)-independent mechanism
whereas channel inhibition by OAG was mediated
through activation of PKC. The inhibitory pathway is
tonically active and it was shown that the transduction
pathway leading to stimulation of PKC and inhibition of
channel activity involved the classical phosphatidylinositol
cascade system coupled to G,q/Gq11 G-proteins (Albert
& Large, 2004). An important observation was that the
phosphatidylinositol-phospholipase C (PI-PLC) inhibitor
U73122 always enhanced I ,; by removing the inhibitory
pathway indicating that PI-PLC is not pivotal for channel
activation in ear artery unlike its essential role in activating
I in rabbit portal vein (Helliwell & Large, 1997) and
many TRPC proteins expressed in cell lines (Clapham et al.
2001). Therefore, in ear artery myocytes it is possible that
another phospholipase is involved in generating DAG or
that endogenous DAG does not produce channel opening.

In the present work we provide evidence that a
transduction pathway involving phosphatidylcholine-
phospholipase D (PC-PLD) and phosphatidic acid are
involved in generating constitutive activity in ear artery
and that DAG rather than its metabolites is pivotal for
producing channel opening. This pathway represents a
novel activation mechanism of cation channels in vascular
myocytes.

Methods
Cell isolation

New Zealand White rabbits (2-3 kg) were killed by an
1.v. injection of sodium pentobarbitone (120 mgkg™") in
accordance with the UK Animals Scientific Procedures Act,
1986, and ear arteries from both ears were removed. The ear
arteries were freshly dispersed using procedures previously
described (Albert et al. 2003; Albert & Large, 2004).

Electrophysiology

Whole-cell and single channel currents were recorded
with an Axopatch 200B patch clamp amplifier (Axon
Instruments, Union City, CA, USA) at room temperature
(20-25°C) using whole-cell recording, cell-attached and
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inside-out configurations of the patch-clamp technique
(Hamill et al. 1981). Patch pipettes were manufactured
from borosilicate glass and had pipette resistances of
approximately 6-10 MQ2 when filled with patch pipette
solution. Series resistance was not compensated. Liquid
junction potentials were minimized using an agar bridge
and were calculated to be < 3 mV and therefore were not
compensated for in the final records. The solution in the
bath chamber (0.5 ml) was changed by two syringes in a
‘push—pull’ system and full solution exchange occurred
within 20-30 s. Between solution changes the perfusion of
the bath chamber remained stationary which reduced line
noise to improve signal to noise ratio.

To evaluate current—voltage (I-V) characteristics of
whole-cell currents, membrane potential 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 Vs™').
The voltage ramps were generated and data captured with
a Pentium III personal computer using a Digidata 1322A
acquisition system and pCLAMP software (Version 9.0,
Axon Instruments) at a sample rate of 5kHz and with
filtering set at 1 kHz.

To evaluate I-V curves of single channel currents the
membrane potential was manually changed from a holding
potential of —50 mV to between —70 mV and +50 mV.
Single channel currents were initially recorded onto a
DAT recorder (DRA-200, Biologic Scientific Instruments)
at a bandwidth of 5kHz and a sample rate of 48 kHz.
For off-line analysis channel currents were re-digitized
by filtering events at 1kHz (—3db, low pass 8-pole
Bessel filter, Frequency Devices, model LP02, Scensys)
and acquiring these events onto a Pentium III personal
computer using a Digidata 1322A acquisition system and
pCLAMP software (Version 9.0, Axon Instruments) at a
sample rate of 10 kHz.

Mean channel current amplitudes were calculated from
idealized traces produced from raw data of at least 10s
duration which had a stable baseline using the 50%
threshold method. The 50% threshold value was set
between the baseline and the lowest open level and
therefore only transitions above this value were registered
as being an open channel. To maximize the number of
channels reaching their full amplitude, a channel was only
registered as being open if it had a duration of > 0.664 ms
(calculated from two times the rise time of the 1-kHz
low-pass filter used) which enabled over 90% of each event
amplitude to be resolved (Colquhoun, 1987).

I-V relationships of single channel currents were
derived from peak values obtained from channel
current amplitude histograms created by Gaussian curves
from individual patches and mean (&£ s.e.m.) values
were calculated for each membrane potential. Pooled
mean [-V relationships were then plotted and unitary
conductance and reversal potential (E,) were determined
by linear regression (Origin software 6.1, OriginLab
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Corp., Northampton, MA, USA). As we could not
accurately determine the number of channels in a patch we
measured channel activity by calculating open probability
(NP,) at maximum or minimum channel activity using:
NP, = sum of open times of channel levels above 50%
threshold/sample duration. Relative NP, values were
calculated by dividing the NP, value in the presence of
an agent by the control NP, value.

Solutions and drugs

In  whole-cell recording experiments cells were
bathed in a K'-free external solution containing
(mMm): NaCl 126, CaCl, 1.5, Hepes 10, glucose 11,
4,4’-diisothiocyanostilbene-2—-2'-disulphonic acid
(DIDS) 0.1, niflumic acid 0.1 and nicardipine 0.005; pH
adjusted to 7.2 with NaOH (267 £ 5 mosmoll~'). The
whole-cell pipette solution contained (mm): CsCl 18,
caesium aspartate 108, MgCl, 1.2, Hepes 10, glucose 11,
BAPTA 10, CaCl, 1 (free internal calcium concentration
approximately 14nm as calculated using EQCAL
software), Na,ATP 1 and NaGTP 0.2; pH adjusted to 7.2
with Tris (300 & 5 mosmol 17!). In cell-attached patch
experiments membrane potential was set at 0 mV by
perfusing cells with a KCl external solution containing
(mm): KCI 126, CaCl, 1.5, Hepes 10 and glucose 11; pH
adjusted to 7.2 with 10 m KOH. Nicardipine (5 um) was
included to prevent smooth muscle cell contraction by
blocking Ca’>" entry through voltage-dependent Ca®*
channels. The cell-attached patch pipette solution was
K*-free and contained (mm): NaCl 126, CaCl, 1.5,
Hepes 10, glucose 11, tetraethylammonium (TEA)-Cl
10, 4-aminopyridine (4-AP) 5, DIDS 0.1, niflumic acid
0.1 and nicardipine 0.005; pH adjusted to 7.2 with 10 m
NaOH. Inside-out patches were perfused with a bathing
solution (i.e. intracellular solution) containing (mm):
CsCl 18, caesium aspartate 108, MgCl, 1.2, Hepes 10,
glucose 11, BAPTA 1, CaCl, 0.1 (free internal calcium
concentration approximately 14 nm as calculated using
EQCAL software), Na,ATP 1 and NaGTP 0.2; pH adjusted
to 7.2 with Tris. The inside-out patch pipette solution (i.e.
extracellular solution) contained (mm): NaCl 126, CaCl,
1.5, Hepes 10 and glucose 11; pH adjusted to 7.2 with
NaOH.

D-609 has been shown to be an inhibitor of PC-PLC
with a concentration to inhibit enzyme activity by 50%
(ICs9) of 10 um (Monick et al. 1999) and we used
this agent at concentrations of 10 um and 100 pm.
Propranolol was used as an inhibitor of phosphatidic acid
phosphohydrolase (PAP) at a concentration of 500 um
(ICsp, ~70 um, Billah er al. 1989). Propranolol was
dissolved in distilled H,0 to make a stock solution of
20 mMm before diluting in bathing solution to the final
concentration. The PC-PLD inhibitor butan-1-ol (ICs,
~ 16 mm, Marchesan et al. 2003; Hu & Exton, 2005)
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and its inactive isomer butan-2-ol (Marchesan et al.
2003) were made up as a 0.5% solution in bathing
medium. Another PC-PLD inhibitor C2 ceramide (ICs,
~ 40 uM, Abousalham et al. 1997; Singh et al. 2001), the
PLA, inhibitor AACOCF3 (ICsy, ~ 15 uM, Street et al.
1993; Ackermann et al. 1995), OAG, R59949 (ICs, for
DAG kinase, ~ 0.2 um, De Chaffoy de Courelles et al.
1989) and RHC80267 (ICsy for DAG lipase, ~4 um,
Sutherland & Amin, 1982) were dissolved in DMSO so
that the final concentration of DMSO in the bathing
solution was < 0.2%. Phosphatidic acid was dissolved
in chloroform so that the final concentration of bathing
solution was < 0.2%. Solutions of phosphatidic acid
were continually sonicated for at least 15 min before
application. Control experiments showed that 1% DMSO
or 1% chloroform had no effect on constitutive channel
activity. In experiments to investigate the effect of
PKC, the PKC inhibitor chelerythrine was added to the
bathing solution for 1-2 min prior to the experiment. In
experiments on the steady-state dose—response effects of
OAG-evoked responses, NP, was measured about 4-5 min
after the peak response of each concentration of OAG. The
values are the mean of n cells (& s. E. M.) and statistical
analysis was carried out using Student’s ¢ test (paired and
unpaired) with the level of significance set at P < 0.05.

Results

Effect of agents that inhibit PLD on constitutive
channel activity in ear artery myocytes

In vascular smooth muscle it is well established that
DAG may be produced from phosphatidylcholine (PC) by
several pathways including PC-PLD via phosphatidic acid
and also by PC-PLC (see review by Ohanian et al. 1998).
Therefore in the first series of experiments we studied the
effect of the pharmacological agents butan-1-ol and C2
ceramide which have previously been shown to inhibit
PC-PLD activity in biochemical studies (Abousalham et al.
1997; Singh et al. 2001; Marchesan et al. 2003; Hu & Exton,
2005; see Methods).

Figure 1A shows that bath application of 0.5%
butan-1-ol produced a marked suppression of constitutive
channel activity by about 60% in cell-attached patches at
—50 mV and mean data are shown in Fig. 1C. Figure 1Aa
and b show single channel current records on a more
rapid timescale which had three amplitude levels reflecting
three unitary conductance values as previously described
(Albert et al. 2003; Albert & Large, 2004). In contrast,
the isomer butan-2-ol at the same concentration, which
does not inhibit PC-PLD activity (Marchesan et al. 2003),
did not reduce channel activity (Fig. 1C). In addition bath
application of 100 um C2 ceramide also caused profound
inhibition of constitutive channel activity by about 90% in
cell-attached patches (Fig. 1B and C).
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To test the selectivity of butan-1-ol we investigated
its effect on channel currents evoked by OAG and in
these experiments channel activity induced by 5 um OAG
was not significantly changed in the presence of 0.5%
butan-1-ol with the relative mean NP, of OAG-evoked
channel activity being 1.016 £0.437 (n=5, P> 0.05)
after 2 min of co-application with 0.5% butan-1-ol. These
results indicate that the site of action of butan-1-ol is
upstream from the effect of DAG on the ion channel and
that butan-1-ol is not acting as a non-selective blocker of
I cate

We also investigated the role of other phospholipases in
regulating constitutive channel activity in ear artery
myocytes by studying the effect of established
pharmacological inhibitors of PC-PLC and PLA, activity.
Bath application of 10 M and 100 pm D-609, an inhibitor
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of PC-PLC (Monick et al. 1999), for 2 min had no effect
on constitutive channel activity at —50 mV (Fig. 1C).
In addition bath application of 100 um AACOCEF3, an
inhibitor of phospholipase A, (PLA,;) (Street et al. 1993;
Ackermann et al. 1995), also had no effect on constitutive
channel activity after 2 min (Fig. 1C). These data suggest
that PC-PLC and PLA, do not have major roles in
regulating constitutive channel activity in ear artery
myocytes.

These results suggest that PC-PLD is involved in
generating constitutive channel activity in this preparation
and moreover the level of inhibition of channel activity
produced by butan-1-ol and C2 ceramide on constitutive
channel activity is similar to the level of PC-PLD inhibition
produced by the concentrations used of these agents in
biochemical studies (see Methods and Discussion).

0.5 % butan-1-ol

50 ms

Relative NP
at -50 mv

D-609

.
b A Y

10uM 100 uM ¢

\J C)OC’

Figure 1. Effect of agents that inhibit phospholipase D on constitutive channel activity in cell-attached

patches

A, bath application of 0.5% butan-1-ol produced a marked inhibition of constitutively active channel currents.
a and b, show channel currents on a faster timescale from the corresponding positions on the above brace. B,
bath application of 100 um C2 ceramide also produced a pronounced inhibition of constitutive channel activity.
C, mean data of effect of butan-1-ol (n = 8), butan-2-ol (n = 5), C2 ceramide (n = 5), D-609 (n = 6) and AACOCF3
(n = 6) on relative peak NP, of constitutive channel activity. Measurements were made 2 min after application of
the pharmacological agent. Holding potential was =50 mV **P < 0.01.
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The effect of butan-1-ol on whole-cell conductance

To examine the role of PC-PLD in mediating resting
membrane conductance we studied the effect of butan-1-ol
on constitutively active whole-cell currents at —50 mV.
Figure 2A shows that bath application of 0.5% butan-1-ol
produced a reduction in constitutive whole-cell current
by about 50% (Fig. 2A and C) after about 2 min whereas
application of the inactive isomer butan-2-ol at the same
concentration had no effect (Fig.2C). Current—voltage
(I-V) relationships of constitutive whole-cell currents
determined before and after application of butan-1-ol for
2 minillustrate that this PC-PLD inhibitor reduced current
amplitudes at all membrane potentials (Fig. 2B).

The above data provide strong evidence that a
PC-PLD-mediated transduction pathway is involved in
activating I, in ear artery myocytes and regulates the
resting membrane conductance.

Effect of PC-PLD and phosphatidic acid on channel
activity in inside-out patches

We further examined the action of PC-PLD on I by
applying a purified PC-PLD enzyme to inside-out patches.
Bath application of 2.5 U ml~! PC-PLD from Streptomyces
chromofusus produced a pronounced enhancement of
constitutive channel activity (Fig. 3A) with mean peak NP,
values of PLD-induced activity of 3.427 +0.783 (n=29)
for 2.5 Uml™! and 2.899 £ 0.817 (n=7) for 25 Uml ! at
—50 mV. Amplitude histograms for PLD-induced channel
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currents had three unitary amplitude peaks (Fig.3B)
which are shown on a faster timescale in Fig. 3Ab and these
three amplitude levels were represented by three unitary
conductance states of 16, 28 and 42 pS which all had a
reversal potential (E,) of about 0 mV (Fig. 3C).

In vascular myocytes, hydrolysis of PC by PC-PLD
produces phosphatidic acid which is converted to DAG
by the enzyme PAP (Ohanian et al. 1998) and therefore
we tested whether phosphatidic acid also had an effect
on I Bath application of 100 um phosphatidic acid
produced a marked increase in constitutive channel
activity in inside-out patches (Fig. 4A) with a mean peak
NP, 0f 0.997 £ 0.244 at —50 mV (n = 6). Figure 4B shows
channel current amplitude histograms of phosphatidic
acid-induced activity illustrated in Fig. 4Ab on a faster
timescale and the mean conductance states were 15, 27
and 41 pS with an E, of about 0 mV (Fig. 4C).

Effect of DL-propranolol on channel activity
in inside-out patches

The final step in the production of endogenous DAG
by PC-PLD is conversion of phosphatidic acid into
DAG by PAP and therefore we tested the effect of
pL-propranolol, a known effective inhibitor of PAP activity
(Billah et al. 1989), on channel activity. It would be
predicted that if opening of constitutive channels is due
to PC-PLD-mediated production of endogenous DAG via
phosphatidic acid then constitutive channel activity and

A 0.5 % Butan-1-ol
B 200 C o
i _160_ 05 A)
100 0.5 % Butan-2-ol
"""" B R N I I A —_ | Butan-1-ol
I v I T 1 v I i 1 < -120 vian °
Qo <4
* -150 -100 -5 50 100 s
-A00 (mV) = € -80-1
] 3 = | *%
-200 40
1 mi b 300 ] i 1
min 2 min - N
100 pA ] 0. .
-400 4 (PA) > & > e
$ S N
b a j Oo(\ (1/6\ Oo (‘l/((\
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Figure 2. Effect of butan-1-ol on resting whole-cell currents

A, bath application of 0.5% butan-1-ol reduced the amplitude of constitutively active whole-cell currents.
*whole-cell configuration achieved at this time. Dashed line indicates 0 pA holding current. Holding potential
was -50 mV. B, I-V relationship of whole-cell currents measured before (a) and 2 min after (b) application of 0.5%
butan-1-ol. C, mean data of whole-cell currents in the presence of 0.5% butan-1-ol (n = 6) and 0.5% butan-2-ol

(n=16).**P < 0.01.
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phosphatidic acid-induced increases in activity should
be inhibited by pr-propranolol whereas pL-propranolol
should have no effect on OAG-induced activity.

Figure 5A and B shows that bath application of 500 um
pL-propranolol reversibly inhibited constitutive activity
and phosphatidic acid-induced activity in inside-out
patches after about 5 min, and Fig. 5C shows the mean
data with pr-propranolol decreasing these responses by
about 85%. Figure 5C also shows that bath application of
pL-propranolol had no effect on activity induced by 5 um
OAG (a concentration chosen to produce sustained effects,
see Fig. 7A).

These effects of bpr-propranolol provide further
evidence that constitutive activity and phosphatidic
acid-induced channel activity require the conversion of
phosphatidic acid to DAG to produce channel opening.
The lack of an effect of bL-propranolol on OAG-induced
channel activity shows that prL-propranolol even at a
relatively high concentration is not acting as a non-specific
channel blocker.

The above data provide compelling evidence that a
PC-PLD-mediated pathway involving phosphatidic acid
activates I in ear artery myocytes and raises a key
question as to the nature of the molecule that is
involved in activating I . Therefore the next series of
experiments investigated the effect of agents that inhibit
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DAG metabolism on I in order to establish whether
endogenous DAG, or a DAG metabolite, is involved in
regulating channel opening.

Effect of agents that inhibit DAG metabolism on
constitutive whole-cell and single channel currents

The metabolism of DAG in vascular smooth muscle is
controlled by two major metabolic pathways involving
the enzymes DAG lipase and DAG kinase which lead
to production of DAG metabolites arachidonic acid and
phosphatidic acid, respectively (Ohanian et al. 1998).
Therefore we studied the effect of RHC80267 and R59949,
which inhibit DAG lipase and DAG kinase, respectively,
on constitutively active whole-cell and single channel
currents.

Bath application of 10um RHC80267 enhanced
constitutively active whole-cell currents by a mean
peak amplitude of —33+ 8pA (n=6, Fig.6A and
C) at a holding potential of —50mV. Following
RHC80267-induced increase in constitutive activity the
amplitude of the whole-cell currents then declined to
a level similar to that recorded prior to application of
RHCB80267 (Fig. 6A and C). The mean I-V relationship
of the RHC80267-induced increase in constitutive activity
was enhanced at all membrane potentials and had an

PC-PLD 2.5 U mI"!

A
B
400
m ] 223 pA
c
S 300
© |
z
8 200 -
o)
g ]
5 100 -
g ]
0_

0 -2
PC-PLD-evoked
channel current amplitudes (pA)

16 pS
28 pS

5pA

20 40 60
(mV)

1 (PA)

42 pS

Figure 3. Effect of PC-PLD on channel activity in inside-out patches

A, bath application of 2.5 U ml~" PC-PLD increased constitutive channel activity in an inside-out patch at a
holding potential of =50 mV; a and b, show channel currents on a faster timescale. B, amplitude histogram
of PC-PLD-induced channel currents shown in A had three current amplitude levels which are represented by three
conductance states of 16, 28 and 42 pS in pooled mean /-V relationships shown in C. Channel current amplitudes
greater than the three unitary levels represent more than one channel in the patch.
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E, of about 0 mV (Fig. 6B). Bath application of 10 um
RHC80267 had a similar effect on constitutively active
channel currents recorded in cell-attached patches with an
initial increase followed by a decrease in activity (Fig. 6D
and E). Figure 6Dc¢ shows that the amplitude histogram
of these RHC80267-induced channel currents contained
three unitary amplitudes which represented conductance
states of 16, 27 and 42 pS which all had an E, of about
0mV (Fig. 6F). Current channel amplitude histograms
created before and after application of RHC80267 had
similar peak values suggesting RHC80267 enhanced the
opening of the same constitutively active channel currents.
We also investigated the effect of the DAG kinase inhibitor
R59949 on constitutive channel currents in cell-attached
patches. Application of 10 um R59949 also induced a
biphasic effect on I, similar to the effect of RHC80267
(Fig. 6E).

Effect of exogenous OAG on constitutive channel
activity in cell-attached patches

Previously we have shown that application of the
DAG analogue OAG can evoke biphasic effects on I,
via PKC-independent and PKC-dependent mechanisms
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(Albert et al. 2003; Albert & Large, 2004) which are
similar to the effects of RHC80267 and R59949 shown
in the present work. The biphasic effects of these agents
may be due to different DAG concentrations activating
the PKC-independent and dependent mechanisms and
we therefore investigated this possibility by examining
the concentration-dependence of exogenous OAG on
cell-attached patches.

Figure 7Aa and B illustrate that bath application of
5 uMm OAG induced an increase in constitutive channel
activity in ear artery myocytes which was sustained
throughout the recording duration (up to 5min).
Figure7Ab and B show that bath application of
40 um OAG evoked larger increases in peak channel
activity than 5um OAG but that the peak responses
were transient and declined to a significantly lower
level of channel activity after 2min. Figure7B
also shows that increases in constitutive channel
activity evoked by 40 um OAG were not altered by
preincubation with the PKC inhibitor chelerythrine
(3 uMm) for 2 min whereas the subsequent decline in
channel activity was blocked. To more accurately analyse
the concentration dependence of OAG on channel activity,
we plotted the steady-state concentration—response curve
of OAG where NP, was measured about 4-5min

100 uM Phosphatidic acid

B
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2 pA
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Figure 4. Effect of phosphatidic acid on channel activity in inside-out patches

A, bath application of 100 um phosphatidic acid increased constitutive channel activity in an inside-out patch at
a holding potential of =50 mV; a and b, show channel currents on a faster timescale. B, amplitude histogram of
phosphatidic acid-induced channel currents shown in A had three current amplitude levels which are represented
by three conductance states of 15, 27 and 41 pS in pooled mean /-V relationships shown in C. In B channel current
amplitudes greater than the three levels represent more than one channel in the patch.

© The Physiological Society 2005



776 A. P. Albert and others

after adding OAG (i.e. after the peak response to
40 um OAG shown in Fig. 7Ab). Figure 7C shows that
bath application of OAG to cell-attached patches in
low micromolar concentrations (< 10 um) produced an
increase, and higher concentrations decreased steady-state
constitutive channel activity producing a bell-shaped
concentration—-response curve with an apparent ECs
(concentration to produce 50% of maximal NP, increase)
of about 2 um and an apparent ICsy (concentration
to produce 50% decrease in NP,) of about 32 um
for OAG.

Discussion

In the present study we provide strong evidence that
a PC-PLD-mediated transduction pathway generating
phosphatidic acid and DAG is involved in producing
constitutive channel activity in freshly dispersed rabbit ear
artery myocytes. This signal transduction pathway is well
established in many vascular preparations (see Ohanian
et al. 1998) but has not previously been directly linked
to activation of cation channels and therefore this study
represents a novel ion channel activation mechanism.
This observation is particularly notable as TRPC channel
proteins which have similar properties to I in ear artery
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are frequently stated to be activated via PI-PLC-coupled
mechanisms (e.g. see Clapham et al. 2001; Minke & Cook,
2002; Montell et al. 2002; Hardie, 2003; Albert & Large,
2004). This study also indicates that endogenous DAG,
presumably generated from phosphatidic acid via hydro-
lysis of PC by PC-PLD, is of primary importance in channel
opening. Moreover here we describe biphasic actions of
OAG on I, and propose that excitation predominantly
occurs at low concentrations of OAG whereas at higher
concentrations OAG induces a net steady-state inhibitory
effect through stimulation of a PKC-dependent pathway.

Role of PC-PLD in mediating constitutive
channel activity

Previously we have demonstrated that the PI-PLC inhibitor
U73122 increased I, activity in ear artery and therefore
it is unlikely that PI-PLC has an important role in
generating constitutive channel activity (Albert & Large,
2004). Therefore we investigated the role of other
phospholipase pathways capable of generating DAG in
the activation mechanisms of I, by studying the effect
of pharmacological agents that are known to inhibit the
activity of different phospholipases. The present study
clearly shows that the well characterized pharmacological

A 500 uM Propranolol
2 pA
1 min
B 100 uM Phosphatidic acid 500 uM Propranolol
Ll e
. 2 pA
2 min
C Spontaneous Phosphatidic acid-
12+ activity evoked
NP, 5 uM OAG-
at -50 mV evoked

0.8
0.4 -
0.0 -
szg‘r x @(9\& Qe;%
3

Figure 5. Effect of DL-propranolol on constitutive, phosphatidic acid-induced and OAG-evoked channel

activity

Effect of bath application of 500 um pL-propranolol on constitutively active cation channel activity (A) and
phosphatidic acid-induced channel activity (B) in different inside-out patches at a holding potential of —50 mV.
C, mean data showing that co-application of 500 um pL-propranolol significantly inhibited constitutively active
(n = 6) and phosphatidic acid-induced (n = 6) channel activity but not OAG-induced channel activity (n = 6) after

5 min *P < 0.05.
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inhibitors of PC-PLD, butan-1-ol (Marchesan et al. 2003;
Hu & Exton, 2005) and C2 ceramide (Abousalham et al.
1997; Singh et al. 2001), produced marked inhibitory
effects on constitutive channel activity whereas the inactive
isomer butan-2-ol (Marchesan et al. 2003) had no effect.
The level of inhibition produced by 0.5% butan-1-ol and
100 um C2 ceramide on I, was about 50% and 90%,
respectively, which is similar to the level of inhibition
observed in biochemical studies which have used these

Regulation of /.5 by PLD in arterial myocytes 777

agents to inhibit PC-PLD activity. In these studies 0.5%
butan-1-ol reduced PC-PLD activity by about 50% (Hu &
Exton, 2005) and 100 um C2 ceramide reduced PC-PLD
activity by between 70% and 100% (Abousalham et al.
1997; Singh et al. 2001). Butan-1-ol did not have an effect
of channel activity induced by OAG suggesting that the site
of action of butan-1-ol was upstream from the action of
DAG and that butan-1-ol was not having a non-selective
blocking effect on I,.
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Figure 6. Effect of inhibitors of DAG metabolism on constitutively active whole-cell and single channel

cation currents in ear artery myocytes

A, bath application of 10 um RHC80267 induced a transient increase in whole-cell current. Note that the increase
in holding current followed by a decrease in activity are associated with, respectively, an increase and then decrease
in ‘noisy’ appearance. Holding potential was —50 mV. The dashed line represents 0 pA holding current and
vertical lines represent current responses to membrane potential ramps from —150 mV to +100 mV. B, mean
-V relationships of whole-cell currents in the absence and presence of 10 um RHC80267 (n = 6). C, mean data of
RHC80267-induced whole-cell currents (n = 6). Da, in a cell-attached patch bath application of 10 um RHC80267
induced an initial increase in constitutive channel activity followed by a decrease in activity. Holding potential at
—50 mV. Note in this patch that the RHC80267-induced decrease in channel activity after peak NP, is less than
control activity. Db, expanded timescale of a section of trace shown in a. Bold line represents closed level and three
dashed lines represent three conductance levels. Larger amplitude openings represent more than one channel in
the patch. Dc, histogram of RHC-induced channel current amplitudes showing channels opened to three current
levels. Channel amplitudes greater than these levels were due to more than one channel in the patch. E, mean
data of 10 um RHC80267-induced (n = 10) and 10 um R59949-induced channel activity (n = 7). F, pooled mean
|-V relationship of RHC80267-induced channel currents showing the three current amplitude levels represented
three conductances of 16, 27 and 42 pS (each point was determined from at least five patches). *P < 0.05.
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Further evidence for a role of PC-PLD in the trans-
duction mechanism of I was that purified PC-PLD
enzyme and phosphatidic acid, a metabolite of PC
hydrolysis by PC-PLD, induced pronounced increases
in channel activity when applied to the cytoplasmic
surface of inside-out patches. PC-PLD- and phosphatidic
acid-induced channel activity had similar conductance
and E, values to constitutive channel currents previously
described (Albert et al. 2003; Albert & Large, 2004)
indicating that these agents increase the activity of the
same channels. Also prL-propranolol, which inhibits the
conversion of phosphatidic acid to DAG by suppressing
PAP activity (Billah et al. 1989), markedly decreased
constitutive and phosphatidic acid-induced increases in
NP, but not OAG-evoked channel activity. Moreover
the present results did not produce any evidence for
pathways involving PC-PLC or PLA, having major roles
in activating constitutive channel activity as the PC-PLC
inhibitor D-609 (Monick et al. 1999) and the PLA,
inhibitor AACOCEF3 (Street et al. 1993; Ackermann et al.
1995) had no effect on constitutive channel activity.
PC-PLD has been shown to be involved in mediating
vasoconstrictor responses in both arterial and venous
preparations (Aburto et al. 1995; Jinsi ef al. 1996; Ohanian

A, 5 uM OAG
2pA‘ I ” I ”
1 min
, 40 uM OAG
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et al. 1998; Liu et al. 1999) although to our knowledge
the present study is the first to describe a role of PC-PLD
in regulating the activity of a biophysically characterized
cation channel.

Role of endogenous DAG in activating /cat

In the present study we also explored whether
endogenous DAG or DAG metabolites regulate I, in ear
artery myocytes by using inhibitors of DAG metabolism,
specifically RHC80267 which inhibits DAG lipase and
R59949 which is an inhibitor of DAG kinase. These
agents produced a biphasic response of initial excitation
followed by inhibition of I, activity and these effects
were mimicked by exogenous OAG at relatively high
concentrations (> 40 uMm) as previously described (Albert
et al. 2003). In other studies on native cation channels
and expressed TRPC channel proteins it has also been
shown that the effects of exogenous OAG were mimicked
by RHCB80267 and R59949 (Helliwell & Large, 1997;
Hofmann et al. 1999; Okada et al. 1999; Tesfai et al.
2001; Venkatachalam et al. 2003). These data provide
strong evidence that endogenous DAG, and not a DAG
metabolite, is involved in activation and inhibition of I ;.

B OAG-evoked channel currents
NP 4 40 M 40 UM +
at -500mV 3 3 uM Chelerythrine

C 0.8
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00 Lo
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Figure 7. Effect of exogenous OAG on constitutive channel activity in cell-attached patches

Aa, bath application of 5 um OAG induced a sustained increase in constitutive channel activity whereas bath
application of 40 um OAG (Ab) induced a larger but transient increase in constitutive channel activity. B, mean
data of OAG-induced channel activity either at the peak response or about 2 min after peak response. Note
that 5 um OAG induced a sustained response (n = 5) whereas 40 um OAG produced a transient increase in
channel activity (n = 6) that was converted to a sustained response by pretreatment with 3 um chelerythrine for
2 min (n = 6). C, steady-state concentration—effect curve of OAG-induced responses on channel activity measured
approximately 4-5 min after OAG application (i.e. with OAG concentration > 10 um), after the peak increase in
channel activity. The curves yielded an apparent ECsq of about 2 um and an apparent ICsp of about 32 uMm (each
point was determined from at least five patches). **P < 0.01.
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A notable result is that R59449 induced channel activity
which suggests that the conversion of DAG to phosphatidic
acid by DAG kinase is unlikely to have a role in mediating
I« and implies that phosphatidic acid which is shown
in the present work to induce channel activation is not
the direct activator of the cation channels. It should be
emphasized that the present experiments do not show that
DAG directly opens the channel but that DAG is the signal
molecule so far identified that is closest to the channel.
Studies on the concentration-dependent effects of
OAG on I, showed that at lower concentrations
(<10 um) OAG induced small but sustained increases
in I, whereas higher concentrations of OAG induced
transient increases in channel activity which produced a
bell-shaped steady-state concentration—response curve to
OAG. These concentration-dependent effects of OAG on
channel activity and the removal of the inhibitory effect of
OAG by a PKC inhibitor provide a possible explanation
for the biphasic actions of RHC80267 and R59949 on
I ... With relatively low concentrations excitatory actions
of OAG are predominant (ECsg, ~ 2 pum) but at higher
concentrations inhibitory effects of OAG via PKC become
marked (ICsy, ~ 32 uM). Therefore the bimodal effects of
RHCB80267 and R59949 may be explained by an initial
build up of endogenous DAG, through inhibition of DAG
metabolism, which leads to an increase in channel activity
but as DAG concentration increases further the inhibitory
effect of DAG becomes evident. Thisis not to imply that the
concentration—response curve of OAG reflects the actual
dependence of channel excitation and inhibition on OAG
concentration but simply the net effect. It is possible that
PKC-dependent inhibition of I also occurs with low
micromolar concentrations of OAG but the excitatory
response dominates. These results may have important
consequences for other studies which use relatively high
concentrations of OAG to activate native TRPC-like cation
channels or TRPC channel proteins expressed in cell lines.

Signal transduction pathways regulating constitutive
channel activity in ear artery myocytes

The present work provides further evidence for the
proposal that different excitatory and inhibitory signalling
pathways converge on I in ear artery (Albert & Large,
2004). The present data indicate that PC-PLD-mediated
hydrolysis of PC generates phosphatidic acid which is
converted to DAG to produce channel opening via a
PKC-independent mechanism. There is also an inhibitory
pathway involving Ggq/Gg11-dependent stimulation of
PI-PLC to produce DAG which inhibits channel activity
via PKC (Albert & Large, 2004). Previously we have
demonstrated that the G-protein inhibitor GDPSS and
anti-G,;/G,, antibodies also reduced constitutive channel
activity (Albert & Large, 2004) and therefore it is likely
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that constitutive G,;/Gyo G-protein activity is linked
to stimulation of PC-PLD which initiates the cascade
responsible for channel activation.

We do not intend to suggest that DAG derived from
PI-PLC is only used in channel inhibition or that DAG
from PC-PLD is exclusively used in excitation. Indeed
in a few cells butan-1-ol transiently increased channel
activity prior to switching them off suggesting that
DAG produced from PC-PLD may be producing channel
inhibition in addition to excitation. Nevertheless there
appears to be a degree of hardwiring in the signalling
pathways as PI-PLC inhibition always increased channel
activity (Albert & Large, 2004) and the PC-PLD inhibitors
always produced marked reduction in channel activity
whereas purified PC-PLD and phosphatidic acid always
produced significant excitation. A possible explanation for
this apparent hardwiring is that DAG produced via PI-PLC
may be more closely linked to PKC than DAG generated
from PC-PLD. Hence the former transduction mechanism
is predominantly involved in channel inhibition.

Comparison of I, in ear artery myocytes with
TRPC6-like channels in rabbit portal vein reveals that
endogenous DAG production plays a central role in
channel activation in both preparations but that different
biochemical pathways are utilized to generate DAG.
In portal vein, activation of I is mediated by a
PI-PLC-dependent transduction mechanism which is
the classical activation pathway of many TRPC channel
proteins expressed in cell lines whereas in the present study
we show that in ear artery I, is activated via a novel
pathway involving PC-PLD.
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