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The role of capacitative Ca2 influx in the alB-adrenoceptor-
mediated contraction to phenylephrine of the rat spleen

Richard P. Burt, *Christopher R. Chapple & 'Ian Marshall

Department of Pharmacology, University College London, Gower Street, London WC1E 6BT and *Department of Urology, The
Royal Hallamshire Hospital, Glossop Road, Sheffield SlO 2JF

1 The mechanism of contraction to phenylephrine in the rat spleen (mediated via alB-adrenoceptors)
has been studied in functional experiments.
2 The concentration-dependent contraction of the rat spleen to cumulative additions of phenylephrine
(pD2 4.8+ 0.1) was not significantly reduced by the selective protein kinase C (PKC) inhibitor, calphostin
C (10-6 M) or potentiated by the DAG kinase inhibitor, R59022 (10-6 M).
3 Contraction of the rat spleen in normal Krebs solution containing Ca2" (2.5 mM) to a single
concentration of phenylephrine (3 x 10-4 M) produced a maximal response consisting of an initial phasic
component and a more slowly developing tonic component. However in Ca2+-free Krebs solution
(containing EGTA), phenylephrine (3 x 10-4 M) produced only a phasic contraction which was reduced
to 46 + 3% maximum response to phenylephrine in normal Krebs solution.
4 In some tissues after the contraction to phenylephrine (3 x 10-4 M) in Ca2`- free Krebs solution
(containing EGTA), the phenylephrine was washed out and the tissue was allowed to recover. After 2 h,
upon addition of Ca21 (2.5 mM) to the Krebs solution (EGTA now removed) a tonic contraction
developed in the tissue (97+4% maximum response to phenylephrine).
5 Cyclopiazonic acid produced a tonic contraction of the rat spleen with a maximum effect at 10-' M
(202+8% maximum response compared with that to phenylephrine). The contraction to CPA (10-5 M)
was reduced in Ca2+-free Krebs solution containing EGTA (30+4% of the maximum response to
phenylephrine). One hour after the end of the contraction in Ca2'-free Krebs solution (EGTA now
removed), upon addition of Ca2+(2.5 mM) to the Krebs solution a tonic contraction developed in the
tissue (263+12% maximum response to phenylephrine).
6 In Ca2+-free Krebs solution, after the spleen had been incubated with cyclopiazonic acid for 30 min,
the subsequent contraction to phenylephrine (3 x 10-4 M) was reduced from 46+3% to 9+2%
maximum response to phenylephrine.
7 Cumulative contractions to phenylephrine and the contraction to cyclopiazonic acid (10-i M) in the
spleen were not significantly affected by nifedipine (10-6 M). The non-selective Ca2+channel blocker,
SK&F 96365 (3 x 10-' M) reduced the maximum response for the cumulative additions of phenylephrine
to 35+1% and the contraction to CPA (10-sM) from 202+8% to 108+8% maximum response to
phenylephrine.
8 The tyrosine kinase inhibitors genistein (3 x 10-5 M and tyrphostin 23 (10-4 M), reduced the
maximum response to phenylephrine in the spleen to 51+4% and 44+5% respectively and the
maximum contraction to cyclopiazonic acid (3 x 10-6 M) in the spleen from 132+6% to 82 +5% and
80+7% maximum response to phenylephrine respectively without affecting contractions to K+.
9 In conclusion, these results are consistent with the contraction of the rat spleen to phenylephrine
consisting of an initial phasic contraction due to release of intracellular Ca2` and a larger tonic
contraction due to capacitative Ca21 influx through non-voltage-gated Ca2+ channels and which may
involve a tyrosine kinase. This suggests that inositol triphosphate but not diacylglycerol is involved in the
contraction.
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Introduction

The a1-adrenoceptors are G-protein coupled receptors that utes as the stores have a limited capacity and the plasma
mediate their cellular responses such as contraction of smooth membrane Ca2+ pump soon restores [Ca2+], to resting levels.
muscle by raising [Ca2+], (Minneman & Esbenshade, 1994). However the rise in [Ca2+]i associated with mobilization of
They are linked to the activation of phospholipase C upon Ca2+ from intracellular stores is usually larger and more sus-
stimulation, which hydrolyses the lipid precursor phosphati- tained due to a linked influx of extracellular Ca2`. One pos-
dylinositol 4,5-bisphosphate to inositol 1,4,5-trisphosphate sibility to explain this influx is by the production ofDAG and
(1P3) and diacylglycerol (DAG). IP3 can mobilize Ca2" from activation of PKC. IP3 can also be phosphorylated to inositol
intracellular stores, raising the cytosolic [Ca2+], while DAG 1,3,4,5-tetrakisphosphate (IP4) which may enable entry of ex-
can stimulate protein kinase C (PKC) (Berridge, 1993). tracellular calcium in some cells when IP3 is also present

The rise in [Ca2+]i due solely to mobilization of Ca2" from (Morris et al., 1987). In other cells the influx of extracellular
intracellular stores by IP3 is transient, lasting only a few min- Ca2" does not appear to require either the presence of IP4 or

IP3 once the intracellular Ca2" stores have been depleted (Ir-
vine, 1992; Putney, 1986; 1990). This form of Ca2" influx was

'Author for correspondence. called capacitative Ca2" entry by Putney (1986). Stimulation
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of the influx of extracellular Ca2+ as a consequence of the
depletion of intracellular Ca2" stores has been demonstrated
using compounds that do not produce inositol phosphates but
deplete intracellular Ca2" stores by inhibiting the endoplasmic
reticulum Ca2+-ATPase pump (Jacob, 1990).

The rat spleen has been shown to contract to phenylephrine
via the alB-adrenoceptor (Aboud et al., 1993; Burt et al.,
1995b). Comparison of phenylephrine with cyclopiazonic acid
(CPA), which depletes Ca2" from intracellular stores by in-
hibiting the sarcoplasmic reticulum Ca2+-ATPase in striated
muscle (Seidler et al., 1989) and smooth muscle (Deng &
Kwan, 1991), suggests that this contraction involves capaci-
tative Ca2" influx. A preliminary account of these results has
been presented (Burt et al., 1995a).

Methods

Male Sprague Dawley rats (350-450 g) were stunned and
killed by cervical dislocation. The spleen was removed and
bisected longitudinally into two strips. They were then sus-
pended in 5 ml tissue baths containing Krebs solution of the
following composition (mM): Na+ 143, K+ 5.9, Ca2+ 2.5,
Mg2+ 1.2, Cl- 128, HCO3-25, HP042- 1.2, S042- 1.2 and
glucose 11, at 37°C and bubbled with 95% 02/5% CO2 under
1.0 g resting tension and equilibrated for 90 min. Changes in
isometric tension were measured with Grass FT.03 transducers
and recorded by Biopac Systems Inc. MPlOOWS for Windows.
A contraction to phenylephrine (3 x l0-4 M) which pro-

duced a maximal response was measured in each tissue. All
tissues were then left for 2 h before any further responses were
measured due to the long recovery time of this tissue following
a contraction to phenylephrine. When Ca2+-free Krebs solu-
tion was used this contained 1 mM EGTA unless stated
otherwise. When cumulative additions of either phenylephrine
(l0-7 M-_l0-3 M) or K+ (2 x 10-2 M_ 10-1 M) were used, a
concentration-effect curve was recorded 2 h after the initial
contraction to phenylephrine (3 x l0-4 M) and then repeated
after a further 2 h as either a control or under the relevant
conditions for the experiment.

Contractions induced by cumulative additions of pheny-
lephrine (l0-7 M-_0-3 M) were measured in the presence of
calphostin C (10-6 M, 1 h incubation) and R 59022 (10-6 M,
30 min incubation). Calphostin C was used in a bright light
environment as this is essential to its activity (Bruns et al.,
1991). Some control responses were measured in the presence
of dimethylsulphoxide (DMSO), which was used to dissolve
the calphostin C.

Contractions induced by cumulative additions of pheny-
lephrine (10-7 M- 10-3 M) were measured in Ca2+ -free Krebs
solution. In other tissues the response to a single addition of
phenylephrine (3 x 10-4 M) was measured either in normal
Krebs solution or in Ca2+ -free Krebs solution in which the
tissue had been equilibrated for 30 min after 90 min recovery
in normal Krebs solution following the initial phenylephrine
contraction.

Twenty minutes after the single addition of phenylephrine
in Ca2+-free Krebs solution, the agonist was washed out for
another 120 min still in Ca2+-free Krebs solution with EGTA
being removed from the Krebs solution for the last 30 min.
Ca21 (2.5 mM) was then added to the Krebs solution and the
response to this measured. As a control, in other tissues 20 min
after the addition of phenylephrine in normal Krebs solution
the agonist was washed out for 90 min in normal Krebs so-
lution and then equilibrated for 30 min in Ca2+-free Krebs
solution with the EGTA being removed for the last 15 min.
Ca2+ (2.5 mM) was then added to the Krebs solution and the
response to this measured.
CPA was added to some tissues in normal Krebs solution

(10-7 M-3 x i0-5 M, one concentration per tissue). In other
tissues the effect of CPA (10-5 M) was measured in Ca2+ -free
Krebs solution. One hour after the end of the contraction to

CPA in Ca2 -free Krebs solution and with the EGTA removed
for the final 30 min, Ca2+ (2.5 mM) was then added to the
Krebs solution and the response to this measured.

Some tissues were incubated with CPA (10-5 M) in Ca21-
free Krebs solution for 30 min and the response to a subsequent
addition of phenylephrine (3 x l0-4 M) was then measured.

Contractions induced by cumulative additions of pheny-
lephrine (l0-7 M- l0-3 M) and the contraction to CPA
(o0-5 M) were measured in the presence of nifedipine (o0-6 M,
20 min equilibration) or SK&F 96365 (3 x 10-5 M, 20 min
equilibration).

Contractions to cumulative additions of phenylephrine, K+
and the contraction to CPA (3 x 10-6 M) were measured in the
presence of either genistein 3 x 10-5 M, or tyrphostin 23
l0-4 M, (each incubated with the tissue for 1 h). Control re-
sponses to phenylephrine and K+ were also measured in the
presence of DMSO, which was used to dissolve the genistein
and tyrphostin 23.

Data analysis

The results were calculated as percentage maximum response
of the initial phenylephrine contraction or as percentage
maximum response of the first cumulative concentration-effect
curve for either phenylephrine or K+ when one of these was
used. Responses were then plotted as the mean of four separate
experiments with vertical bars representing standard error of
the mean (s.e.mean). Curve fitting for the calculation of pD2
values by non linear regression was performed using InPlot
(GraphPAD Software, San Diego, Calif., U.S.A.).

Drugs and solutions

(-)-Phenylephrine hydrochloride and nifedipine were ob-
tained from Sigma. Calphostin C, R 59022 [6-(2-(4-((p-fluor-
ophenyl) phenylmethylene)-l-piperidinyl)ethyl)-7-methyl-5H-
thiazolo(3,2-a)pyrimidine-5-one], cyclopiazonic acid, SK&F
96365, genistein and tyrphostin 23 were obtained from Cal-
biochem. Phenylephrine and SK&F 96365 were dissolved in
distilled water and nifedipine was dissolved in ethanol and then
diluted to working concentrations in distilled water. All other
compounds were dissolved in DMSO. Phenylephrine and ni-
fedipine were prepared fresh each day and all other com-
pounds were stored frozen.

Results

Phenylephrine (3 x 10-4 M) produced a maximal response in
the rat spleen (0.27 + 0.02 g). The cumulative contractions to
phenylephrine were reproducible (pD2 4.8 + 0.1, 96 +2%
maximum response compared with the initial phenylephrine
contraction), as were those to increasing [K+] (115 +4%
maximum response to phenylephrine).

The contractions to cumulative additions of phenylephrine
in the spleen were not significantly affected by the selective
PKC inhibitor calphostin C 10-6 M, (Figure la) or the DAG
kinase inhibitor, R 59022 10-6 M, (Figure lb).

The contraction to a single addition of phenylephrine
(3 x l0-4 M) in normal Krebs solution consisted of an initial
phasic contraction and a more slowly developing tonic con-
traction (Figure 2). The contractions to cumulative additions
of phenylephrine were completely abolished in Ca2+-free
Krebs solution (results not shown). However a single addition
of phenylephrine (3 x l0-4 M) in Ca2+-free Krebs solution
produced a phasic contraction (46+3% maximum response),
returning to baseline in 5 min (Figure 2).

To see if influx of extracellular Ca2+ was stimulated by
depletion of intracellular Ca2+ stores, after the addition of
phenylephrine (3 x l0-4 M) in Ca2+-free Krebs solution, the
agonist was washed out for 2 h still in Ca2+ -free Krebs solu-
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Figure 1 (a), The effect of calphostin C on contractions to cumulative additions of phenylephrine in the rat spleen. Control in the
presence of DMSO (0), +calphostin C 10-6M (v). (b) The effect of R 59022 on contractions to cumulative additions of
phenylephrine in the rat spleen. Control (0), + R 59022 10-6M (V). Each plot represents the mean with s.e.mean of 4 separate
experiments.
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Figure 2 The effect of removing extracellular Ca2+ on the contraction to phenylephrine in the rat spleen and the response to re-
addition of Ca2+ after washout. Contraction to phenylephrine (3 x 10-4M) in normal Krebs solution (0), in Ca2+-free Krebs
solution containing EGTA 1 mm (V), and the following contraction to the addition of Ca2+ 2.5mM, 2 h after the ?henylephrine has
been washed out and the EGTA has been removed from the Krebs solution (M). The effect of re-addition of Ca + 2.5mm after a
contraction to phenylephrine (3 x 10-4M) in normal Krebs solution, followed by 90min washout in normal Krebs solution and then
30min equilibration in Ca2+ free Krebs solution (A). Each plot represents the mean with s.e.mean of 4 separate experiments. The
abscissa scale shows time in min after the addition of phenylephrine or the readdition of Ca2 .

tion. At this time concentrations of any second messengers
generated by ax-adrenoceptor stimulation would no longer be
raised but the intracellular Ca2" stores should remain depleted
as there was no extracellular Ca2" to enter and refill them. Ca2"
(2.5 mM) was then added to the Krebs solution after this 2 h
period and this produced a slowly developing tonic contraction
in each tissue reaching 97 ±4% maximum response (Figure 2).
After a contraction to phenylephrine in normal Krebs solution
and following 90 min washout with normal Krebs solution and
then 30 min equilibration in Ca2+-free Krebs solution, no re-
sponse was produced by the addition of Ca2" (2.5 mM) (Figure
2).

The endoplasmic reticulum Ca2+-ATPase inhibitor CPA
produced a concentration dependent slowly developing tonic
contraction in normal Krebs solution (l0-7- l0-5 M, pD2
5.7+0.1). The maximum response to CPA was reached at
10-5 M, 35 min after addition (202 +8% maximum response
to phenylephrine, Figure 3). The response to CPA (10-5 M) in

Ca2+-free Krebs solution was much smaller and not as well
maintained (30+4% maximum response to phenylephrine),
returning to baseline after 20 min (Figure 3). When Ca21
(2.5 mM) was added to the Krebs solution 1 h after the end of
the contraction in Ca2+-free Krebs solution and with the
EGTA removed, a tonic contraction developed in the tissue
(263 + 12% maximum response to phenylephrine, Figure 3).

To see if contractions to phenylephrine and CPA in Ca2+-
free Krebs solution might be due to release of intracellular
Ca2+ from the same store, some tissues were pre-incubated
with CPA (l0-5 M) in Ca2+-free Krebs solution. The sub-
sequent contraction to phenylephrine (3 x 10-4 M) was re-
duced to 9+2% maximum response to phenylephrine (Figure
4).

Nifedipine (10-6 M) had no significant effect on either the
contractions to cumulative additions of phenylephrine (control
pD2 4.8 + 0.1, with nifedipine pD2 4.8 + 0.2) or the contraction
to CPA (10-5 M) (control 202+8%, with nifedipine 191 +25%
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Figure 3 The effect of removing extracellular Ca2+ on the contraction to CPA in the rat spleen and the following response to the
re-addition of Ca2+. Contraction to CPA (10-5 M) in normal Krebs solution (O), in Ca2+-free Krebs solution containing EGTA
1 mM (V). The contraction to the addition of Ca2+ (2.5 mM) 1 h after the end of the response to CPA in Ca2+-free Krebs solution
with the EGTA removed from the Krebs solution (M). Each plot represents the mean with s.e.mean of 4 separate experiments. The
abscissa scale shows time in min after the addition of CPA or the re-addition of Ca2 .

maximum response to phenylephrine). SK&F 96365
(3 x 10- M) reduced the maximum response for the cumula-
tive additions of phenylephrine to 35+1% (Figure 5a) and the
contraction to CPA (10-' M) from 202+8% to 108+8%
maximum response to phenylephrine (Figure Sb). In 3 out of
12 tissues SK&F 96365 (3 x 10-5 M) produced a contraction and
so the responses in these tissues were not included in the results.
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The tyrosine kinase inhibitors genistein (3 x 10-5 M) and
tyrphostin 23 (1o-4 M) reduced the maximum response for the
cumulative additions of phenylephrine to 51+4% and
44+5% respectively (Figure 6a). Genistein (3 x I0-5 M) and
tyrphostin 23 (10-4 M) also reduced the maximum response for
the contraction to CPA (3 x 10-6 M) from 132+6% to
82+ 5% and 80+ 7% maximum response to phenylephrine
respectively (Figure 6b). At these concentrations genistein and
tyrphostin 23 had little or no effect on the contractions to
increasing [K+] (control pD2 1.4 + 0.1, with genistein pD2
1.4+0.1, with tyrphostin 23 pD2 1.4+0.1).

Discussion

The mechanism of contraction to phenylephrine of the rat
spleen which is mediated by alB-adrenoceptors (Aboud et al.,
1993; Burt et al., 1995b) has been investigated using functional

,_____ studies. al-Adrenoceptors are G-protein linked receptors
"V V

T t which generally mediate their cellular responses via stimulation
3 4 5 6 of PLC and production of inositol phosphates and DAG.
(min) The DAG kinase inhibitor, R 59022 (de Chaffoy de Cour-

reatment on the contraction to celles et al., 1985), which inhibits metabolism of DAG to

)lution in the rat spleen. Control phosphatidic acid, did not potentiate the contraction to phe-
X 10-4M) in Ca2+-free Krebs nylephrine in the spleen and the selective PKC inhibitor cal-
(-), and after 30nmin pre- phostin C (Kobayashi et al., 1989) did not reduce the
Each plot represents the mean contraction. R 59022 has been shown to potentiate the con-

Lents. traction and calphostin C to inhibit the same contraction in
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Figure 5 The effect of the non-selective Ca21 channel blocker, SK&F 96365 in the rat spleen on (a), contractions to cumulative
additions of phenylephrine and (b), a contraction to CPA (10-5M). Control (-), and in the presence of SK&F 96365 3 x 10-5M
(V). Each plot represents the mean with s.e.mean of 4 separate experiments.

2330

)I



R.P. Burt et at Capacitative Ca2 influx in rat spleen

b
150

CD
a (D 125
0.*-CL.-
0 ' 100
C 0.
0E . 75

E 0
X SQ 50
E 25

0
-7 -6 -5 -4 -3
lOgM [Phenylephrinel

0 5 10 15 20 25 30 35 40
Time (min)

Figure 6 The effect of the tyrosine kinase inhibitors, genistein and tyrphostin 23 on (a), contractions to cumulative additions of
phenylephrine in the rat spleen and (b), a contraction to CPA 23 x 10-6M) in the rat spleen. Control (@), in the presence of
genistein 3 x 10- M (V), and in the presence of tyrphostin 23 10- M (U). Each plot represents the mean of 4 separate experiments
with standard error of the mean.
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Figure 7 Schematic diagram of the cellular mechanisms proposed
for the alB-adrenoceptor-mediated contraction to phenylephrine in
the rat spleen. DAG: diacylglycerol, GDP: guanosine diphosphate,
GTP: guanosine triphosphate, IP3: inositol 1,4,5-trisphosphate, Phe:
phenylephrine, PIP2: phosphatidylinositol 4,5-bisphosphate, PLC:
phospholipase C, SR: sarcoplasmic reticulum, TK: tyrosine kinase,
Membr: cell membrane, Extra: extracellular, Intra: intracellular; a
and p/y are the three subunits of a heterotrimeric G-protein.
Although this scheme shows the increased tyrosine kinase activity
in the cytosol this may occur in the membrane.

another smooth muscle when stimulated via a PLC coupled
receptor (Burt et al., 1993). This suggests thatDAG andPKC are
notinvolvedin the contraction ofthe rat spleen to phenylephrine.

IP3 can mobilize Ca21 from intracellular stores causing a
transient rise in [Ca2+]J (Irvine, 1992; Berridge, 1993). The ef-
fect of removing Ca2+ from the Krebs solution was therefore
studied to see if the contraction to phenylephrine in the spleen
was dependent upon influx of extracellular Ca2 . In normal
Krebs solution the maximal response to phenylephrine con-
sisted of an initial phasic contraction and a larger fairly well
maintained tonic contraction which lasted over 20 min. In
Ca2+-free Krebs solution a contraction to the same con-
centration of phenylephrine was reduced by over 50% and
consisted of an initial phasic contraction which disappeared
within 5 min. This suggests that the contraction to pheny-
lephrine in the rat spleen consists of an initial phasic con-
traction due to the release of Ca2+ from intracellular stores by
IP3 and a larger tonic contraction due to the influx of extra-
cellular Ca2+. When cumulative additions of phenylephrine
were made in Ca2+-free Krebs solution, no response was ob-
served. This is probably due to the intracellular Ca2+ stores
being depleted gradually and so not causing a large enough rise
in [Ca2+]i at any time to initiate contraction.

The possibility that the influx of extracellular Ca2" in the
contraction of the spleen to phenylephrine might be stimu-
lated by the depletion of Ca2" from intracellular stores was
then investigated. After the contraction to phenylephrine in
Ca2+-free Krebs solution the phenyleprine was removed and
the tissues were allowed to recover for 2 h (in Ca2"-free
Krebs solution). After this period any rise in concentration of
second messengers produced by the stimulation of the a,-
adrenoceptors or the rise in [Ca2+]J should have returned to
resting levels. However, intracellular Ca2+ stores should re-
main depleted as there has been no influx of extracellular
Ca21 to allow them to be refilled. Therefore influx of Ca2+
should still occur when extracellular Ca2+ is made available if
the depletion of intracellular Ca21 stores is the stimulus for
Ca21 influx. Upon addition of Ca2" to the Krebs solution
after this 2 h period a well maintained tonic contraction de-
veloped in the tissue, equivalent in size to the phenylephrine
contraction in normal Krebs solution but without the inital
phasic component. This suggests that influx of extracellular
Ca2` in the spleen is stimulated as a consequence of the
depletion of intracellular Ca2" stores and that this is the
mechanism by which the tonic component of the contraction
to phenylephrine in the spleen is produced. When in-
tracellular Ca2` stores were allowed to refill after a con-
traction to phenylephrine by washing the tissue in normal
Krebs solution, no response was observed to the addition of
Ca2+ after equilibrating the tissue in Ca21 -free Krebs solu-
tion. This was consistent with the contraction to Ca2' fol-
lowing the phenylephrine contraction in Ca2+-free Krebs
solution being stimulated by depletion of intracellular Ca2+
stores and was not an effect of equilibrating the tissue in
Ca2+-free Krebs solution.

Another way to investigate the effects of depleting in-
tracellular Ca2+ stores in tissues is to use compounds that
deplete Ca2+ from these stores by inhibiting the sarcoplasmic
reticulum Ca2+-ATPase such as CPA (Deng & Kwan, 1991)
without causing a rise in inositol phosphate levels (Demaurex
et al., 1992). The effects of CPA on the spleen was therefore
studied. CPA produced a concentration-dependent tonic con-
traction ofthe spleen with a maximal effect at io0s M. To see if
the tonic contraction to CPA was dependent upon influx of
extracellular Ca2 , the contraction to CPA (10-i M) in normal

Krebs solution was compared to the response to CPA in Ca2+-
free Krebs solution. Removal of extracellular Ca2+ reduced
the size of the contraction to CPA and this was not well
maintained. However, when the tissue was given time to re-
cover after the contraction to CPA in Ca2'-free Krebs solu-
tion, a large tonic contraction was still produced in the tissue
when Ca2' was added to the Krebs solution. This is consistent
with a small component of the contraction to CPA in the
spleen being due to the release of intracellular Ca2 , with a
much larger tonic component of the contraction being due to
influx of extracellular Ca2+ stimulated by depletion of in-
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tracellular Ca2" stores. These results therefore further support
this mechanism of Ca2" influx existing in the rat spleen and its
involvement in the contraction of the spleen to phenylephrine.

The contraction to CPA was different in some respects from
the phenylephrine contraction but this can be explained by the
difference in the way the two compounds deplete intracellular
Ca2+ stores rather than different cellular mechanisms being
involved. Unlike phenylephrine, the CPA contraction did not
have an initial phasic component due to the CPA having to
first enter the cell and then deplete the Ca2+ stores by in-
hibiting the Ca2+-ATPase. In this case the Ca2+ release from
intracellular stores by CPA is probably more gradual than that
following addition of phenylephrine. Also, the maximum
contraction to CPA was about twice the size of that to phe-
nylephrine. This might be because CPA is more efficient in
depleting intracellular Ca2 + stores, resulting in a larger sti-
mulus for Ca2+ influx.

There is evidence to suggest that in some cells there are IP3-
sensitive and IP3-insensitive (e.g. ryanodine sensitive) in-
tracellular Ca2+ stores (Sorrentino & Volpe, 1993; Ehrlich et
al., 1994). The effect of CPA (lo0- M) on the contraction to
phenylephrine in Ca2+-free Krebs solution was therefore in-
vestigated to see if they were releasing Ca2+ from the same
intracellular stores. The CPA caused a large reduction in the
phasic contraction to phenylephrine in Ca2+-free Krebs solu-
tion suggesting that they both release Ca2+ from the same
intracellular store, although it is still possible that CPA ad-
ditionally releases Ca2+ from an IP3-insensitive Ca2+ store.

Capacitative Ca2+ influx has been shown not to involve
voltage-gated Ca2+ channels (Hoth & Penner, 1992; Fasolato
et al., 1994) but is blocked by the non-selective Ca2+ channel
blocker, SK&F 96365 (Merritt et al., 1990; Demaurex et al.,
1992; Wayman et al., 1995). The voltage-gated Ca21 channel
blocker, nifedipine, was found to have no significant effect on
contractions to either phenylephrine or CPA in the spleen but
SK&F 96365 did inhibit both contractions. This suggests that
the influx of extracellular Ca21 stimulated by intracellular
Ca2+ store depletion in the rat spleen is also through non-
voltage-gated Ca2+ channels. It is not certain why SK&F
96365 at 3 x 10- M produced a contraction in a few tissues

(which were not included in the results). However, SK&F
96365 has been shown to cause intracellular Ca2" release from
IP3-insensitive stores in some cells (Merritt et al., 1990; Hughes
& Schachter, 1994).

Depletion of intracellular Ca2+ stores has been shown to
lead to a rise in tyrosine phosphorylation in human platelets
(Sargeant et al., 1994). Also influx of extracellular Ca2" sti-
mulated by depletion of intracellular Ca2+ stores has been
shown to be reduced by tyrosine kinase inhibitors in rat pan-
creatic acinar cells (Yule et al., 1994) and human lymphocytes
(Tepel et al., 1994). The two tyrosine kinase inhibitors genis-
tein (Akiyama et al., 1987) and tyrphostin 23 (Gazit et al.,
1989) were found to reduce the contractions to phenylephrine
and CPA at concentrations which had no significant effect on
contractions to increasing [K+] in the rat spleen. This suggests
that a tyrosine kinase is also involved in the influx of extra-
cellular Ca21 stimulated by depletion of intracellular Ca21
stores in the rat spleen.

It is not clear if alB-adrenoceptors mediate their cellular
responses in all tissues by capacitative Ca2+ influx as this has
not yet been investigated in other tissues where functional CXlB-
adrenoceptors have been characterized. However the alA-
adrenoceptor-mediated contraction of the rat epididymal vas
deferens (Aboud et al., 1993; Burt et al., 1995b) and human
prostate (Marshall et al., 1995) does not involve capacitative
Ca2+ influx (manuscript in preparation).

Figure 7 is a schematic diagram showing the cellular me-
chanisms proposed to be involved in the contraction of the rat
spleen to phenylephrine based on these results. It shows the
contraction consisting of an initial phasic component due to
release of intracellular Ca2+ and a tonic component due to
capacitative Ca21 influx through non-voltage-gated Ca21
channels which may involve a tyrosine kinase. This suggests
that inositol triphosphate but not diacylglycerol is involved in
the contraction.

We thank Pfizer Central Research, Kent, for supporting this work.
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