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Abstract. Calcium entry into smooth muscle cells is es- muscle, contraction can be initiated in the absence of
sential to maintain contractility. In canine jejunal circu- extracellular C&" indicating that release of afrom
lar smooth muscle cells the predominant calcium entryintracellular stores is sufficient to raise intracellulafCa
pathway is through L-type calcium channels. The aim ofto the level necessary to trigger a contraction [23]. How-
this study was to determine the G-protein regulation ofever, extracellular G4 is essential to replete intracellu-
L-type calcium channel currentdy,) in isolated canine lar stores and sustain rhythmic contractions [23]. In the
jejunal circular smooth muscle cells. Barium (80)n  absence of extracellular €a contractile activity dimin-
was used as the charge carrier. Gy®-and GTP in- ishes and eventually ceases. The main calcium entry
creased maximal inward current from 118.7 + 12 pA topathway for canine jejunal circular smooth muscle cells
2275+ 21.5 pAf = 8) and 174.6 = 10.1 pAn(= 6) is through L-type C& channels, as nifedipine, an L-type
respectively. The increase in inward current wasCa"* channel blocker, blocks inward current [11]. Regu-
blocked by nifedipine suggesting it was through L-typelation of C&* currents in smooth muscle has marked
calcium channels. Pertussis toxin did not alter baselinghysiological relevance. An increase in“Cantry re-
| o While cholera toxin increasdg,, from 125+ 19 pA  sults in an increase in intracellular €a Ca&* binds to
in controls (i = 6) to 347 + 30 pA (G = 4). Staurospo- calmodulin, promoting phosphorylation of myosin by
rine inhibited the increase in current evoked by Gy¥- myosin light chain kinase leading to contraction [16].
and calyculin further increaseld,, over the increase Ca&" is also a ubiquitous second messenger, is involved
evoked by GTPyS. The results suggest that cholerain signal transduction pathways and in the regulation of
toxin sensitive G-proteins activate L-type calcium chan-several ion channels that modulate membrane potential
nels in isolated canine jejunal circular smooth muscle[2].
cells through protein phosphorylation. L-type C&* channel currentl{,,) in canine jejunal
circular smooth muscle is regulated by the neurotrans-
Key words: G-proteins — Patch clamp — L-type cal- Mitter acetylcholine and by the gastrointestinal hormone
cium channels — Gastrointestinal smooth muscle — Camotilin [7, 8, 11]. Motilin increases Ca entry through
nine L-type C&* channels in both canine and human jejunal
circular smooth muscle [7, 8]. Little is known about the
signal transduction mechanism involved in the actions of
Introduction motilin on gastrointestinal smooth muscle at a cellular
level but recent data suggest that the motilin receptor
Changes in intracellular free calcium (ECpare the final may be G-protein coupled [4]. GTP-binding regulatory
common pathway for contraction in both striated andproteins are divided into two major classes, heterotrim-
smooth muscle [16]. A rise in intracellular €anitiates  eric G-proteins, which consist of B andy subunits, and
contraction and a fall initiates relaxation. There are twolow molecular weight monomeric G-proteins [1, 22].
primary sources of free intracellular €aentry of C&*  Heterotrimeric G-proteins are usually associated with the
from the extracellular space and intracellular releasgplasma membrane and are linked to cell membrane re-
from C&" stores. In small intestinal circular smooth ceptors, including ion channels [15]. G-proteins regulate
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ion channel function in many cell types, including EGTA 2, hepes 5, methanesulfonate 130. The barium solution con-
smooth muscle [reviewed in 19]. Both direct modulation tained (in nu) Ba* 80, CI" 160, hepes 5.

of ion channel function by G-proteins as well as an in-
direct modulation through phosphorylation have been rep
ported [reviewed in 3].

The aim of this study was therefore to determine th
effect of G-protein activation and protein phosphoryla
tion on I, in isolated canine jejunal circular smooth
muscle cells.

esults

®To minimize outward potassium (i current, the intra-

“cellular solution contained 150 nncesium (C¥) to re-
place intracellular K and block K channels. To maxi-
mize inward current 80 m Ba?* was used as the charge
carrier as B&" is more permeant through €achannels
than C&" itself. The mean shift in membrane potential
dug to the surface charge screening effects of 80 m

v -

Single, isolated, circular smooth muscle cells were obtained from theBa was .measu_red by cor;lparlng current-volta_lge re-

jejunum of adult mongrel dogs of either sex. The use of canine jeju-Cords Obta'n_ed W'th. 80 mBa" as the charge Camer to
num was approved by the Institutional Animal Care and Use Commit-F€cOrds obtained with 10 mBa®*. The mean shift was

tee. Dogs were euthanized with an overdose of barbiturate (45 mg/Kg#25 mV.

and a 10-cm piece of jejunum removed just distal to the ligament of

Treitz. The dissociation procedure used to obtain single, relaxed, cir-

cular smooth muscle cells was as previously described [9, 10]. In briefEFFECT OF G-PROTEIN ACTIVATION ON THE

full thickness strips of jejunum were pinned to the floor of a dissecting INWARD CURRENT

dish over ice and incisions were made parallel to the longitudinal

muscle axis extending to but not into the circular muscle layer. TheThe effects of G-protein activation on inward current

serosa and longitudinal muscle layer were removed leaving circular . . P .
muscle and submucosa. Incisions were made parallel to and througY]vere examined in isolated canine jejunal circular smooth

the circular muscle axis. Strips of circular muscle were gently peeledNUSCIE cells using GTRS, a nonhydmeza_‘b_le an_al()gue
off of the submucosa, placed in modified Hanks solution (SigmaOf GTP. Freshly dissociated cells were divided into two
#H8389) and cut into 2-mm pieces. They were placed in 8 ml of Hanksaliquots and GTR:S (200um) was introduced into one
solution containing 15 mg of papain (Sigma #P4762) and 3.1 mg ofset of cells via the intracellular pipette solution after
dithiothreit(_)l (Sigma #D0632) and gently stirred fc_)r 20 min_at 37°C. obtaining traditional whole cell access. The other set of
After centrifugation to remove the enzyme solution, the tissue wasce”S served as controls, without G-ﬁE" in the pipette

transferred to fresh Hanks solution and mechanically dissociated at .
37°C to obtain single relaxed circular smooth muscle cells. solution. Cells were held at =70 mV and the membrane

Patch clamp recordings were made using an Axopatch 200A voltPotential pulsed in 16 steps from -50 to +70 mV. Each
age clamp amplifier (Axon Instruments, Foster City, CA) connected toVoltage step was 350 msec long and the interpulse inter-
a TL-1 Labmaster driven by PClamp software. Whole cell recordingsval was 1 sec to allow complete recovery from inactiva-
were obtained using Kimble KG-12 glass pulled on a P-80 puller (Sut-tion. The maximal inward current recorded in control
ter Instruments, Novato, CA). Electrodes were coated with R6101g||5 was 118.7 + 12 pAn(= 8). The maximal inward

(Dow Corning, Midland, MI) and fire polished to a final resistance of current recorded from cells with GTHS (ZOOuM) in the

3 to 5m(). Records were obtained using standard whole-cell recording. .
techniques. Three runs were averaged for each recording unless otl'1r-]tra‘cenUIar solution was 227.5 + 21.5 PA (_ 8,P<

erwise noted. Records were sampled at 2 kHz and filtered at 1 kHz0-05, Fig. 1). The dihydropyridine nifedipine (iv), an

Data were analyzed with Clampfit or custom macros in Excel (Micro- L-type C&* channel blocker, completely inhibited in-
soft, Redmont, WA) and comparisons between currents made at pealard current in the presence of GHS-(200um, n = 4)
measured values. Paired studerisst was used to evaluate statistical suggesting that the increase in inward current was due to
significance. All records were obtained at room temperature (22°C). activation of the baselinQ:aL (Fig. 2). Maximal inward
current was present within 60 sec of establishing intra-
cellular access. A more accurate estimate of the time to
maximal activation of the inward current could not be
Nifedipine, staurosporine and calyculin were obtained from Sigmac'btalned due to the_ duratlor! of the pUIse pI’Ot(_)COl used
Chemical (St. Louis, MO). Barium chloride was obtained from Fisher @nd the unknown time required for GHS to diffuse
(Springfield, NJ), and GTRS, GDP8S, pertussis toxin and cholera into the cells.

toxin from Calbiochem (San Diego, CA). Drugs were applied by com- Activation times were calculated for a range of volt-
plete bath changes with the solution containing the drug or introduce(hges in the presence and absence of GSP-Activation
inside the cells through the intracellular solution. The time for a com- times for both control cells and cells exposed to Gi%-
plete solution exchange (4x the bath volume) was approximately 30

) i ) “were well fit with a single exponential. No difference in
sec. Stock solutions of staurosporine and calyculin were made up in

dimethyl sulfoxide. The final concentration of dimethyl sulfoxide was aCt'V_at'on. times was noted (Fig. 3j.for activation at
<1:1000. All other solutions were made up on the day of use withoutMaximal inward current (+22 mV) was 6.8 + 0.9 msec

solvents. The intracellular solution contained (imyCs™ 150, Cr 20,  for control cells. This value was in close agreement with

Materials and Methods
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Fig. 1. Effect of GTPS (200nm) and GTP (200
|ﬁ’ PA uMm) on inward currents carried by 80MTBa in
100 ms canine jejunal circular smooth muscle cells. Panel
A shows typical currents recorded in the absence
of GTP«S, panelB typical currents recorded in
D Current (pA) 50 Ja the presence of GTRS, and paneC typical
oo g il currents recorded in the presence of GTP. Pénel
-60 40 : oy shows the meahV relationships. The mean
maximal inward current in control cells was 118.7
+ 12 pA (h = 8) in the presence of GT}S,
2275+ 215 pAKh = 8, P <0.05), and in the
presence of GTP, 174.6 + 10.1 pA & 6,P <
0.05). Note in this and in Figs. 2, 4-8 th&/
relationships are not leak subtracted nor adjusted
for the charge screening effect of Ba.

—6— Controls
—8— GTP-S (200 pM)
—a&— GTP (200 pM)

Fig. 2. Effect of the L-type calcium channel
blocker nifedipine on inward currents carried by
80 mm Ba in a canine jejunal circular smooth
muscle cell. Paneh shows typical currents
o recorded in the presence of GHS (200m) and
Current (pA) 100 7 panelB the currents recorded from the same cell
50 in the presence of GTRS (200um) and

:

—B0o000g nifedipine (1M). PanelC shows thd-V
60 -40 -20 20 40 80 relationships. Maximal inward current in the
—o— GTP+S (200 pM)  -100 Voltage (mV) presence of GTRS was 217 pA. Nifedipine
—0— GTP+/S (200 pM)+ -150 - completely blocked the inward current suggesting
Nifedipine (1 pM)  -200 - that GTPyS activated the baseling,, current
-250 - found in these cells.

previously reported values [11]. Similarly,for activa- inhibitor pertussis toxin were tested (Fig. 4). Freshly
tion was 7.3 + 0.5 msec for cells exposed to GY®- dissociated cells were divided into two aliquots and one
(200 M, n = 8, P > 0.05). set incubated with pertussis toxin (240 ng/ml) for 2—4 hr
As a nonhydrolyzable analogue of GTP, G§B;  while the other set exposed to the same solution without
increased inward current, the effects of GTP on inwardpertussis toxin. The order in which cells were patch
current were also tested. GTP (2Qf) was introduced clamped was altered on different days. Pertussis toxin
into the cells via the intracellular solution. In control was without effect on inward current (135.7 £ 31 pA.
cells unexposed to GTP, maximal inward current wasl16 + 14 pA in control cellsh = 8, P > 0.05). The
118.7 + 12 pA (same control cells as abomesr 8), and  effects of cholera toxin on inward current were tested by
in cells exposed to GTP 174.6 + 10.1 pA & 6, P < incubating cells with cholera toxin (100 ng/ml) for 2 hr
0.05, Fig. 1). The data suggest that GTP, like GJ- and then recording inward current. Control cells were
also increased inward current in canine jejunal circularpatch clamped without exposure to cholera toxin. The
smooth muscle cells. maximal inward current in the presence of cholera toxin
To determine if the G-protein(s) involved belonged was 347 + 30 pAit = 4) compared to 125 £ 19 pMA(
to the GaGi subclass, the effects of the @i G-protein = 6) in the absence of cholera toxiR € 0.05, Fig. 5).
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Fig. 4. Effect of pertussis toxin on inward currents carried by 8@ m

F|g 3. Effect of GTP+S on activation t|me;10 at several Voltages' Ba. PanelA shows typlcal inward currents recorded from a canine
Activation was well fit with a single exponential. No differencesin  jejunal circular smooth muscle cell incubated with pertussis toxin.
was noted between control canine jejunal circular smooth muscle cell&anelB shows the meakV relationships obtained from 6 cells show-

(O,n = 8)and cells[J, n = 8) exposed to GTR:S (200pM, P > 0.05 ing the lack of effect of pertussis toxin on inward current. Solutions
at all voltages). containing canine jejunal circular smooth muscle cells were divided

into 2 aliquots and one aliquot incubated with pertussis toxin (240
ng/ml) for 2—4 hr while the other aliquot served as a control. The
The data suggest that cholera toxin sensitive G proteinguaximal inward current recorded f.rom cpntrol cells was 116 + 14 pA
(GS subclass) were involved in the increasel&r;L and from cells exposed to pertussis toxin 135.7 + 31 pA=(6, P >
evoked by GTP and GTRS in canine jejunal circular 0.05)
smooth muscle cells.

alter the cellular balance of phosphorylation towards the
dephosphorylated state, cells were exposed to the non-
specific protein kinase inhibitor staurosporine. Cells
were exposed to staurosporine (500) fior 15 min and
then patch clamped in the presence of staurosporine,
hile control cells were patch clamped without exposure
to staurosporine. In both sets of cells G¥B-(200um)
was introduced into the cells through the intracellular
solution to activate intracellular G-proteins. Maximal in-
ward current recorded in control cells not exposed to
staurosporine was 146.2 + 16 pA compared with 100.3 +
10.2 pA in the presence of staurosporime= 6, P <
0.05, Fig. 7). The effects of protein phosphorylation on
| Were tested using the phosphatase type 1 and type Z
A and B inhibitor calyculin A. Control cells were patch
EFFECT OF PHOSPHORYLATION STATE ON THE clamped in the absence of GHS or calyculin. The
INWARD CURRENT other cells were patch clamped in the presence of GTP-
vS (200M) in the recording pipette and after maximal
The mechanism of the stimulatory action of G-proteinsinward current was recorded, calyculin (10&)nwas
onl, differs in different cell types. Both a direct effect added to the bath. Maximal inward current for control
of G-proteins ornl, and an indirect effect secondary to cells was 92 + 3.6 pAr( = 6). Maximal inward current
protein phosphorylation have been described [6, 13, 14]in the presence of GTRS was 188 = 35 pA and in-
To address the mechanism of action the effects of thereased to 245 + 43 pA in the presence of calycutin(
state of protein phosphorylation dg,, were tested in 4, all P < 0.05, Fig. 8). The increase in current evoked
isolated canine jejunal circular smooth muscle cells. Taby calyculin A was not sustained. Four minutes after

EFFECT OF G-PROTEIN INHIBITION ON THE
INWARD CURRENT

To determine the effects of G protein inhibition on in-
ward current, cells were patch clamped in the presence
the G-protein inhibitor GDRBS. GDPgS (100 M) in
the intracellular solution had no effect on maximal in-
ward current as compared to control cells. Maximal in-
ward current recorded in the presence of GB#{100
M, N = 8) was 113.4 = 16 compared with 101 + 18 pA
in control cells 6 = 8, P > 0.05, Fig. 6). The results
suggest that there is little, if any, regulation lgf, by
G-proteins in the unstimulated state.
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Fig. 5. Effect of cholera toxin on inward currents
carried by 80 mu Ba. PanelA shows typical inward
currents recorded from a canine jejunal circular
smooth muscle cell incubated with cholera toxin.
PanelB shows the meahV relationships obtained
from 4 cells showing the stimulatory effect of
cholera toxin on inward currents. Solutions
containing canine jejunal circular smooth muscle
cells were divided into 2 aliquots and one aliquot
incubated with cholera toxin (100 ng/ml) for 2 hr
while the other aliquot served as a control. The

—&— Control
—8— Cholera toxin (100 ng/ml)

2 maximal inward current recorded from control cells
-250 was 125 + 19 pA and from cells exposed to cholera
-300 toxin 347 + 30 pA 6 = 4, P < 0.05) suggesting
-350 that the inward current was cholera toxin activated.
A
100 pA
100 ms
100 - . L .
C Fig. 6. Effect of G-protein inhibition on inward
Current (pA) currents carried by 80 mBa recorded from canine
50 - jejunal circular smooth muscle cells. Pareshows

typical control currents recorded in the absence of

GDP{S and paneB typical currents recorded in

5 the presence of GDBS (100um). PanelC shows

-60 R\ #60 80 the meani-V relationships obtained from 8 cells.

X Voltage (mV) The mean maximal inward current in control cells
was 101 + 18 pArf = 8) and in the presence of
GDP8S 113.4 + 16 pAff = 8, P > 0.05)

—o— Control
—8— GDP-BS (100 pM)

-100 - . .
suggesting that there was no regulation of the
inward current by G-proteins under ‘resting’

-150 - conditions.

peak inward current was recorded, inward current in thehe nonspecific protein kinase inhibitor, inhibited the ef-
presence of calyculin A decreased by 49 + 6.7%(4).  fects of G-protein activation oh-, and calyculin, a

phosphatase inhibitor, accentuated the effects of G-

] ] protein activation on,,. The study, however, does not

Discussion exclude a direct modulation of L-type &€achannel gat-

ing by G-proteins. To prove direct G-protein modulation
This study reports that, in isolated canine jejunal circulara purified ion channel has to be shown to be directly
smooth muscle cells, G-protein activation led to augmengated by a purified G-protein subunit and direct physical
tation of an inward current carried through L-type®Ca association between the channel and the G-protein must
channels. Activation of., was most likely secondary be shown [3]. This criterion is not easily met. Even in
to a change in protein phosphorylation as staurosporinegxcised patches various cytoplasmic cellular components
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Fig. 7. Effect of the nonspecific protein kinase

inhibitor, staurosporine, on inward currents carried
r by 80 mv Ba. PanelA shows typical control
100 pA currents recorded from an isolated canine jejunal
circular smooth muscle cell and pari&kypical
ﬂ ms currents recorded in the presence of staurosporine.

Meanl-V relationships obtained from 6 cells are
shown in panel. Solutions containing canine

C 100 - jejunal circular smooth muscle cells were divided
Current (pA) 50 -| into 2 aliquots and one aliquot incubated with
AP staurosporine (500m) for 15 min while the other
60 -40 -20 & aliquots served as a control. Both sets of cells were

patch clamped in the presence of G§8-(200um)

—6— GTP-yS (200 pM) -100 - in the pipette solution. The mean maximal inward
—&— Staurosporine (500 nM) 150 - current in control cells was 146.2 + 16 pA & 6)

+ GTP-/S (200 puM) and in the presence of staurosporine 100.3 + 10.2

-200 - pA (n = 6, P < 0.05).

Fig. 8. Effect of the phosphatase inhibitor

calyculin on inward currents carried by 80vnBa

in canine jejunal circular smooth muscle cells.
c _Cells were pgtch _clamped with GTfS (2_OOpLM)
in the recording pipette. After maximal inward
current was recorded, calyculin A (10@hwas
added to the bath solution. Control cells were
patch clamped without GTRS or calyculin. Panel
A shows typical currents recorded from a control
cell. PanelB shows maximal inward currents
recorded from a canine jejunal circular smooth
muscle cell in the presence of GRS and panel
C the current recorded from the same cell in the
presence of GTRS and calyculin A. In this cell
maximal inward current increased by 59% in the
80 presence of calyculin. PanBl shows mearn-V

100

L ms Current (pA) 100

D 50
-60 -40 -20&

—o— Control -100 relationships obtained from 4 cells. The mean
Voltage (mV) . . .
—0— GTP+S (200 uM) -150 - maximal inward current in control cells was 92 +
—~— Calyculin (100 nM) 200 - 7.6 pA (0 = 8), in the presence of GT#S only,
+ GTP+/S (200 pM)  -250 - T 188 + 21.5 pA and in the presence of G¥B-and
-300 calyculin A 245 + 43 pA (1 = 4, all P < 0.05).

are still attached to the excised membrane [24]. Furtherbeen well described in the literature [reviewed in 5, 20].
more, L-type C&" channels rapidly run down in excised In many neurons and secretory cells the main effect of
patches making excised patch experiments difficult toG-protein activation is inhibition of G4 channels
perform and interpret. through a pertussis toxin sensitive G-protein pathway.
In all experiments carried out for this report, Ba The C&" channel current inhibited by this pathway is
was used as the charge carrier.?Bwas used to maxi- predominantly N-type although there is some effect on
mize inward current as, even with Baas the charge L-type C&* channels [reviewed in 5]. In the heart, both
carrier, the whole cell inward current in canine jejunal activation and inhibition of L-type Ca channels by G-
circular smooth muscle is only about 2.4 pA/pF [11]. proteins has been reported [reviewed in 20]. Activation
The use of B&" may however have masked any potentialof L-type C&* channels in heart is through a cholera
downregulatory effects of the increased?Cantry (with  toxin activated, pertussis toxin insensitive, G-protein
C&" as the charge carrier) evoked by G-protein activa-pathway. It appears that the L-typeCahannel present
tion of L-type C&" channels. Increased intracellular in canine jejunal circular smooth muscle is regulated by
Ca* may have effects on the L-type €achannel itself  a similar G-protein pathway.
or on other regulatory mechanisms that control There is evidence in the literature for both a direct
lca Several phosphatases are?Cdependant and may ‘membrane delimited’” and an indirect effect of G-
modulate C&" channels activity [12]. proteins onl . In bovine adult freshly dissociated tra-
G-protein modulation of C4 channel function has chea smooth muscle cellg,, was activated by GTRS



G. Farrugia: G Protein Regulation of,, 45

but not modulated by adenosing2-cyclic monophos- Phosphorylation modulated the effects of G-protein ac-

phate (cCAMP), cAMP analogues or the catalytic subunittivation onl.,, suggesting that the effects of G-proteins

of cAMP-kinase suggesting a direct effect [18]. In heartwas secondary to protein phosphorylation.

smooth muscle a direct effect of G-proteinslgy, has

been reported [14] but the majority, if not the entire The authors thank Gary Stoltz for technical assistance, and Kristy

effect onl.,, can be accounted for by channel phos-Zzodrow for secretarial assistance. This work was partly supported by

phory]a’[ion [13] The exact nature of the protein kinaseNational Institutes of Health Grants DK 17238, EY 03282 and EY

involved in modulation of,, in canine jejunal circular 06005 and an AGA industry research scholar award.

smooth muscle cells was not addressed in this study but
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