
Activation of protein kinase C (PKC) isozymes is generally
associated with translocation from the soluble to the
particulate cell fraction (Kraft et al. 1982). Translocation of
PKC to the particulate fraction was initially thought to
reflect direct association of the enzyme with lipids at the
plasma membrane. However, data from several laboratories
indicate that PKC interacts with specific target proteins at
the sites of translocation (Mochly-Rosen et al. 1991; Chapline
et al. 1993; Hyatt et al. 1994; Liou & Morgan, 1994; Ron et

al. 1994). Activated PKC isozymes are thought to bind
anchoring proteins referred to as RACKs (receptors for

activated C-kinase) (Mochly-Rosen et al. 1991; Ron et al.

1994; Mochly-Rosen, 1995) or PICKs (proteins that interact
with C-kinase) (Liao et al. 1994; Staudinger et al. 1995). It
has been suggested that the functional specificity of each
PKC isozyme is determined, in part, by the differential
localization of the isozyme-specific RACKs (Ron et al. 1995).

A RACK for âPKC, RACK1, has been cloned, and at least
part of its binding site on âPKC has been mapped to a short
sequence within the C2 domain (Ron et al. 1994). C2-2, a
short synthetic peptide derived from this region, inhibits
phorbol ester-induced translocation of the C2-containing
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1. The effects on contractility of three peptides reported to inhibit protein kinase C (PKC)
translocation in an isozyme-specific manner were studied: a peptide from the C2 domain of
conventional PKCs (C2-2), a peptide from the N-terminal variable domain of åPKC (åV1-2)
and a peptide (ABP) from the actin-binding domain of åPKC (å(223—228)).

2. Isometric force was directly recorded from individual hyperpermeable ferret portal vein or
aortic smooth muscle cells.

3. Phenylephrine contracted permeabilized portal vein cells at pCa 6·7 but not at pCa 7·0.
However, phenylephrine did contract aortic cells at pCa 7·0.

4. C2-2 inhibited phenylephrine-induced contraction, but did not affect resting tension, in
portal vein cells at pCa 6·7. In aortic cells at either pCa 6·7 or 7·0, C2-2 had no effect on
either basal tension or phenylephrine-induced contraction.

5. ABP did not evoke any changes in phenylephrine-induced contraction or baseline tension in
either portal vein or aortic cells.

6. åV1-2 inhibited phenylephrine-induced contraction and decreased resting tension in aortic
cells at pCa 7·0, but not in portal vein cells at pCa 6·7.

7. Western blots indicated that portal vein cells contained substantially more áPKC than aortic
cells. Portal vein cells also contained small amounts of âPKC, which was undetectable in
aortic cells. In contrast, aortic cells contained more åPKC than portal vein cells. Even though
åPKC was expressed in portal vein and áPKC in aorta, imaging studies indicated that they
were not translocated in these cell types.

8. These results suggest that the Ca¥-dependent isozymes of PKC (á andÏor â) play a major role
in contraction of the portal vein but not of the aorta. In contrast, the results are consistent
with åPKC, but not Ca¥-dependent PKC isozymes, regulating contractility of the aorta.
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isozymes in cardiac myocytes and insulin-induced âPKC
translocation and function in Xenopus oocytes (Ron et al.

1995). The C2 domain is present in all ‘conventional’ PKCs
and thus it would be expected that the C2-2 peptide would
inhibit the function of all members of this class. In contrast,
åV1-2, a short peptide derived from the V1 region of åPKC,
was shown to inhibit translocation of the novel PKC, åPKC
(Johnson et al. 1996). Therefore, åV1-2 and C2-2 peptides
are expected to inhibit the functions of different classes of
PKC isozymes.

In addition, actin filaments may represent a new class of
PKC-binding proteins; a binding site for actin has been
identified between the first and second cysteine-rich regions
within the regulatory domain of åPKC (Prekeris et al. 1996).
åPKC (223—228) is a synthetic hexapeptide that corresponds
to the putative actin-binding domain of åPKC, and has been
shown to compete with native åPKC for binding to purified
actin.

We have previously demonstrated that phenylephrine causes
contraction of single cells of ferret aorta and portal vein at
constant [Ca¥], and that PKC activation plays an important
role in the maintenance of phenylephrine-induced contraction
in both cell types (Khalil & Morgan, 1992; Horowitz et al.

1996). We suggested that the phenylephrine-induced
contraction involves activation of a Ca¥-dependent PKC
isozyme in portal vein but a Ca¥-independent isozyme in
aorta (Khalil & Morgan, 1992). If a RACK does play a
critical role in PKC-dependent contractility, isozyme-
specific translocation inhibitors should inhibit PKC-induced
contraction in an isozyme-specific manner. To test this
hypothesis, we have determined the effects of these peptides
on phenylephrine-induced contraction of single permeabilized
portal vein and aortic smooth muscle cells.

We have previously recorded isometric force from saponin-
permeabilized single cells of the ferret aorta (Collins et al.

1992; Katsuyama et al. 1992) and demonstrated that these
cells retain receptor-coupled responses (Brozovich et al.

1990; Collins et al. 1992). In the present study, we used this
method to directly investigate the effects of RACK-binding
peptides on phenylephrine-induced contraction of single
permeabilized portal vein or aortic smooth muscle cells, and
report that these inhibitors are effective and tissue-specific
inhibitors of contractility.

METHODS

Preparation of portal vein and aortic smooth muscle tissues

All procedures were performed according to protocols approved by
the Boston Biomedical Research Institute Animal Care and Use
Committee. Ferrets were killed by an overdose of the anaesthetic
chloroform, and the aorta or portal vein was quickly removed to a
dissection dish filled with oxygenated Krebs solution (see below for
composition of solutions). The tissue was cleaned of connective
tissue, opened longitudinally and the endothelium was removed by
gentle abrasion of the inner surface of the tissue with a rubber
policeman. The tissue was cut into 2 mm-wide strips, and wet weight

was determined. In some experiments, lung tissue, for use as a
positive control in immunoblots, was also removed from the ferrets.

Immunoblotting

Tissue samples were homogenized in a buffer containing protease
inhibitors as described previously (Menice et al. 1997). Protein-
matched samples were subjected to electrophoresis on sodium
dodecyl sulphate—8% polyacrylamide gels and transferred electro-
phoretically to poly (vinylidene difluoride) membranes. The
membranes were blocked with 5% dried milk in phosphate-buffered
saline (PBS)—Tween and incubated in the primary antibody
solution at 4°C overnight. Mouse monoclonal anti-áPKC and anti-
âI—IIPKC were obtained from Transduction Laboratories. Rabbit
polyclonal antibodies to å_ and çPKC were obtained from Santa
Cruz Biotechnologies (Santa Cruz, CA, USA). The blots were
visualized with enhanced chemiluminescence using the Supersignal
CL-HRP Substrate System (Pierce Chemical Co., Rockford, IL,
USA) as described by the manufacturer.

Preparation of single cells

Single vascular smooth muscle cells from aorta or portal vein were
isolated using a modification of a previously published method
(DeFeo & Morgan, 1985; Collins et al. 1992). The aorta and portal
vein were cut into small pieces (2 mm ² 2 mm) and placed in a
siliconized flask containing digestion medium. For each 50 mg of
aorta (wet weight), the digestion medium A consisted of 2 mg
CLS 2 collagenase (Type II, 228 U mg¢; Worthington Biochemical,
Freehold, NJ, USA) and 5 mg elastase (Grade II, 3·65 U mg¢;
Boehringer Mannheim, Indianapolis, IN, USA) in 7·5 ml of
Ca¥—Mg¥-free Hanks’ balanced salt solution (HBSS) and 1%
bovine serum albumin (Gibco BRL, Gaithersburg, MD, USA). The
tissue pieces were incubated in a shaking water bath at 34°C under
an atmosphere of 95% Oµ—5% COµ for 70 min. The pieces were
then filtered on a nylon mesh, rinsed with 10 ml Ca¥—Mg¥-free
HBSS, and reincubated for 20 min in digestion medium B, i.e. the
same digestion solution except for a decrease in the amount of
collagenase to 1 mg and addition of 5000 U soybean trypsin
inhibitor (Type II-S; Sigma, St Louis, MO, USA). The tissue pieces
were filtered and rinsed in 10 ml Ca¥—Mg¥-free HBSS. The filtrate
containing the dissociated cells was poured over unsiliconized glass
coverslips, and further incubated for 20 min in digestion medium B.
After filtering and rinsing with 10 ml Ca¥—Mg¥-free HBSS, the
dissociated cells were plated onto another set of coverslips. For
isolation of portal vein cells, the same protocol was followed, but
the first incubation was shortened to 40 min. Coverslips were stored
on ice for 1—5 h until use. Cells were not centrifuged or aspirated by
pipette. The isolated cells were assayed daily to confirm that they
shortened in response to phenylephrine in 2·5 mÒ Ca¥-HBSS.

Permeabilization and tension measurement

The coverslips were placed on the movable stage of a Nikon
inverted microscope. Aorta or portal vein cells were exposed to a
relaxing solution (pCa 9) containing 30 ìg ml¢ saponin for 5 min,
and then the solution was changed to saponin-free pCa 7·0 or 6·7
solution. Permeabilized cells were chosen according to the following
criteria: diminished phase-luscence under phase-contrast optics;
visible nucleus; length ü 50 ìm; and firm attachment to the
coverslip. Microtools (Glass 1BRL, WÏFIL 1·0 mm, 1B100F-4,
12773-08H; World Precision Instruments, Sarasota, FL, USA) were
prepared by the use of a micropipette puller (Industrial Science
Associates, Inc., Ridgewood, NY, USA); the tip diameters of the
microtools were < 5 ìm. The microtools were placed with their tips
touching the top surface of the cell (microtools approached the
coverslip at an angle of approximately 45 deg) and the cells were

Y.-H. Lee, I. Kim, R. Laporte, M. P. Walsh and K. G. Morgan J. Physiol. 517.3710



left undisturbed for 2—3 min. We have found that mammalian
vascular smooth muscle cells prepared in this manner have the
important advantage of sticking to glass and, therefore, readily
attach to the glass microelectrodes. The microtool attached to the
transducer (Cambridge model 400A) was lifted so that the end of
the cell was raised off the coverslip. The other microtool was gently
pressed down to immobilize the other end of the cell, which was
stretched to approximately 110% of its original length. Control
recordings confirmed that the drift of the transducer was negligible
over the course of the recording. At least one recording was made
daily with a cell attached to the microtool in the absence of added
drugs to confirm that the baseline drifted û 50 ìg over the time
course of an experiment. Baseline recordings of 3—5 min were
routinely made before experimental manipulations were performed.
If baseline recordings displayed any detectable evidence of slow
baseline fluctuations, experimental manipulations were not
performed. Increases or decreases in force were assumed to have
reached a plateau when no further increase or decrease occurred over
a 2—3 min period. Force measurements were made manually by
placing a ruler on the trace through the mid-point of the noise level.
All experiments were performed at room temperature.

Digital imaging

Cells were fixed with 4% paraformaldehyde either in the resting
state or after 10 min of stimulation with 10¦Ç Ò phenylephrine.
Subsequently the cells were permeabilized with 0·1% Triton X-100,
blocked with 10% goat serum and reacted with either mouse mono-
clonal anti-áPKC (Transduction Laboratories) or rabbit polyclonal
anti-åPKC (Santa Cruz Biotechnologies) followed by Rhodamine
Red-X secondary antibody (Molecular Probes) and mounted with
Fluorosave (Calbiochem, San Diego, CA, USA) before analysis.

Images were obtained using a Nikon Diaphot 300 inverted micro-
scope equipped with a Nikon ²40 oil-immersion objective lens (NA,
1·3). Filters used were 560 ± 20 nm (excitation), 595 nm (dichroic)
and 630 ± 30 nm (emission) for Rhodamine Red-X. Images were
recorded with a liquid-cooled CCD camera (photonetrucs CH250)
via Photometrics Microsoft compatible image-processing software
(PMIS). A modified version of a previously described ratio analysis
(Khalil & Morgan, 1992) was performed to determine the relative
distribution of PKC isozymes within each cell and to normalize for
possible differences in staining efficiency between cells. The part of
the section containing the nuclear area was avoided when obtaining
ratio values.

Solutions

Ca¥ buffers were prepared according to an iterative computer
program that calculates the amounts of stock solutions required for
a given set of free ion concentrations, taking into consideration the
binding constants for the ionic species present, temperature and
ionic strength (Brozovich et al. 1988). Ionic strength was set at 0·2 Ò
and Mops was used to buffer the pH at 7·0. The concentrations of the
constituents were: 1 nÒ to 0·1 mÒ Ca¥; 1 mÒ Mg¥; 135 mÒ K¤;
3 mÒ MgATP; 15 mÒ EGTA; > 15 mÒ Mops; 15 mÒ phospho-
creatine; and creatine kinase (approximately 20 U ml¢), added
daily before the experiments. The major anion was propionate.
Krebs solution (used only for dissecting the tissue) contained (mÒ):
120 NaCl, 5·9 KCl, 2·5 CaClµ, 1·2 MgClµ, 25 NaHCO×, 1·2
NaHµPOÚ and 11·5 dextrose; at pH 7·4 when bubbled with 95%
Oµ—5% COµ. The Ca¥—Mg¥-free HBSS used for cell isolation
contained (mÒ): 137 NaCl, 5·4 KCl, 0·44 KHµPOÚ, 0·42 NaHµPOÚ,
4·17 NaHCO×, 5·55 glucose and 10 Hepes; pH 7·4. PBS—Tween
solution for immunoblotting contained (mÒ): 80 NaµHPOÚ, 20
NaHµPOÚ, 100 NaCl and 0·05% (vÏv) Tween.

Peptides and drugs

Peptide C2-2 (MDPNGLSDPYVKL; âPKC(186—198)), scrambled
C2-2 (GYSKMPLPNDDLV), åV1-2 (EAVSLKPT; åPKC(14—21)),
scrambled åV1-2 (LSETKPAV), actin-binding peptide (LKKQET;
åPKC(223—228)) and PSSI (RFARKGALRQKNV; áPKC(19—31))
were synthesized in The University of Calgary Peptide Synthesis
Core Facility using a Beckman model 990B automated peptide
synthesizer and purified by preparative reverse-phase HPLC. All
peptides were shown to be > 95% pure by analytical HPLC and
their structures were verified by amino acid composition analysis.
The following drugs were used: PGFµá, phosphocreatine, creatine
kinase and phenylephrine (all from Sigma). General laboratory
reagents were of analytical grade or better and were purchased
from Sigma or Fisher Scientific (NJ, USA).

Statistics

All values given in the text are means ± s.e.m. Differences between
means were evaluated using Student’s t test. Significant differences
were taken at the P < 0·05 level. The values (n) given represent
numbers of cells used in each experiment.

RESULTS

Effect of C2-2 peptide on phenylephrine-induced

contraction of single permeabilized portal vein and

aortic smooth muscle cells

The effects of phenylephrine on contractility of single
permeabilized portal vein or aortic smooth muscle cells are
illustrated in Figs 1 and 2. At pCa 7·0 (approximately
resting [Ca¥]é) 10¦Ç Ò phenylephrine evoked a gradual but
sustained contraction of aortic (Fig. 2A) but not portal vein
cells (not shown). Both cell types, however, contracted in
response to phenylephrine at pCa 6·7 (Figs 1A and 3). The
mean steady-state increase in force in response to
phenylephrine at pCa 6·7 was 272·1 ± 20·1 ìg (n = 18) in
portal vein cells and 242·6 ± 10·8 ìg (n = 6) in aorta
(Fig. 3). The mean steady-state amplitude of contraction in
aorta at pCa 7·0 was 252·9 ± 14·4 ìg (n = 19) and was not
significantly different from that at pCa 6·7 (Fig. 3). We have
previously reported that the phenylephrine-induced
contraction of aortic cells is not Ca¥ dependent over this
range of [Ca¥] (Collins et al. 1992).

Since it was uncertain whether these peptides could compete
with PKC after translocation, we investigated the effect of
C2-2 peptide on phenylephrine-induced contraction using
both pre- and post-treatment protocols. As shown in
Figs 1B and 3A, when portal vein cells were stimulated by
phenylephrine, the subsequent addition of 10 ìÒ C2-2
peptide decreased the extent of phenylephrine-induced
contraction from 272·1 ± 20·1 to 182 ± 19·1 ìg (n = 5).
The scrambled version of C2-2 (10 ìÒ) had no effect. The
amplitudes of contraction in response to phenylephrine
without and with scrambled C2-2 peptide were 272·1 ± 20·1
and 275 ± 18·9 ìg (n = 3), respectively. In contrast, the
peptide did not cause any change in the contraction of aortic
cells (Fig. 2B). In aortic cells, the mean steady-state
amplitudes of contraction in response to phenylephrine at
pCa 7·0 without and with C2-2 peptide were 252·9 ± 14·4
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and 246 ± 28·2 ìg (n = 5), respectively (Fig. 3B). Treatment
with C2-2 peptide alone did not affect resting tension in
portal vein (Fig. 1C) or aortic (Fig. 2D) cells.

Pre-treatment of portal vein cells with C2-2 peptide for
20 min had more dramatic effects; the phenylephrine-
induced contraction was reduced from 272·1 ± 20·1 to
73·3 ± 15·4 ìg (n = 6) (Figs 1D and 3A). Aortic cells,
however, showed no effect of the peptide (Fig. 2E). In
contrast, in portal vein, the scrambled C2-2 peptide did
not cause any change in the phenylephrine-induced
contraction and the amplitudes of contraction in response to
phenylephrine without and with scrambled C2-2 peptide
were 272·1 ± 20·1 and 270 ± 17·3 ìg (n = 3), respectively.
Furthermore, to confirm that the same portal vein cells
pre-treated with peptide exhibited normal contractility, we
added 100 ìÒ PGFµá after the phenylephrine-induced

contraction in the presence of C2-2 peptide had stabilized.
PGFµá was previously shown to induce contraction of single
permeabilized cells at constant, low [Ca¥]é due to the
combined inhibition of myosin light chain phosphatase and
activation of PKC (Suematsu et al. 1991; Katsuyama &
Morgan, 1993). As shown in Fig. 1D, PGFµá caused a further
increase in force generation above that induced by phenyl-
ephrine in the presence of C2-2 peptide.

Since C2-2 peptide had no effect on aortic cells, we
performed additional control experiments to verify that the
aortic cells were adequately permeabilized. The effect of a
peptide inhibitor of PKC (PSSI), of similar size to C2-2, on
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Figure 1. Effect of C2-2 peptide on phenylephrine-

induced contraction and resting tension in single

permeabilized portal vein cells at pCa 6·7

A, force recording in response to phenylephrine (10¦Ç Ò).
B, effect of C2-2 peptide (10 ìÒ) on phenylephrine-induced
contraction. C, effect of C2-2 peptide on resting tension.
D, effect of pre-treatment with C2-2 peptide on
phenylephrine-induced contraction. PGFµá (100 ìÒ) was
added after the phenylephrine-induced contraction had
stabilized. E, control trace. Dashed lines indicate baseline
force at pCa 6·7 or, in B, the level of the phenylephrine-
induced contraction.

Figure 2. Effect of C2-2 peptide on phenylephrine-

induced contraction and resting tension in single

permeabilized aortic cells at pCa 7·0

A, force recording in response to phenylephrine (10¦Ç Ò).
B, effect of C2-2 peptide (10 ìÒ) on phenylephrine-induced
contraction. C, effect of PSSI (3 ìÒ) on phenylephrine-
induced contraction. D, effect of C2-2 peptide on resting
tension. E, effect of pre-treatment with C2-2 peptide on
phenylephrine-induced contraction. F, control trace. Dashed
lines indicate baseline force at pCa 7·0.



the phenylephrine-induced contraction of aortic cells is
shown in Fig. 2C. At the plateau of force generation by
phenylephrine, 3 ìÒ PSSI was added and resulted in
complete inhibition of the phenylephrine-induced contraction.
Figures 1E and 2F show control recordings to illustrate that
the drift of the transducer was negligible over the time
course of the recordings.

We also tested the effect of C2-2 peptide on single
permeabilized aortic cells at pCa 6·7. As shown in Fig. 3C,
C2-2 peptide did not evoke a significant change in
phenylephrine-induced contraction or resting tension.
Furthermore, pre-treatment of the cells with the peptide
for 20 min did not inhibit the subsequent phenylephrine-
induced contraction.

Effect of åPKC(223—228), an actin-binding peptide,

on phenylephrine-induced contraction of single

permeabilized portal vein and aortic smooth muscle

cells

Residues 223—228 of åPKC have the interesting property of
binding actin (Prekeris et al. 1996). The effects of pre- and

post-treatment with 20 ìÒ åPKC actin-binding peptide
(ABP) on the phenylephrine-induced contraction of portal
vein and aortic smooth muscle cells are shown in Figs 4 and
5, respectively. ABP did not evoke any change in the
phenylephrine-induced contraction of portal vein (Fig. 4A)
or aortic (Fig. 5A) cells. In Figs 4 and 5, the apparent
slowing in tension development by phenylephrine in the
presence of ABP was not a consistent finding, but may
have been due to differences in the diffusion distance for
the applied drug. The mean steady-state amplitudes of
contraction in response to phenylephrine without and with
ABP were, respectively, 272·1 ± 20·1 and 269 ± 11·7 ìg
(n = 5) in portal vein and 252·9 ± 14·4 and 244 ± 6·8 ìg
(n = 5) in aortic cells (Fig. 6). Treatment with ABP alone
had no effect on resting tension in portal vein (Fig. 4B) or
aortic (Fig. 5B) cells. We also tested the effect of pre-
treatment with ABP on phenylephrine-induced contraction.
Pre-treatment of the cells with ABP for 20 min did not
affect phenylephrine-induced contraction of portal vein
(Fig. 4C) or aortic (Fig. 5C) cells. The mean steady-state
amplitudes of contraction in response to phenylephrine
without and with ABP, respectively, were 272·1 ± 20·1 and
268 ± 15·6 ìg (n = 5) in portal vein and 252·9 ± 14·4 and
244 ± 12·1 ìg (n = 5) in aortic cells (Fig. 6).

PKC isozymes and smooth muscle contractilityJ. Physiol. 517.3 713

Figure 3. Statistical analysis of the effects of C2-2

peptide on single permeabilized portal vein and aortic

cells

A, analysis of the effects of C2-2 peptide on single
permeabilized portal vein cells at pCa 6·7. B and C, analysis
of the effects of C2-2 peptide on single permeabilized aortic
cells at pCa 7·0 (B) and pCa 6·7 (C). Control, force induced
by phenylephrine (10¦Ç Ò); Pre-treat. of C2-2, effect of
20 min of pre-treatment with C2-2 peptide (10 ìÒ) on
phenylephrine-induced contraction; Post-treat. of C2-2,
effect of C2-2 peptide on phenylephrine-induced contraction;
C2-2, force response to C2-2 peptide alone. *P < 0·05
compared with contraction induced by phenylephrine alone.

Figure 4. Effect of actin-binding peptide on

phenylephrine-induced contraction and resting tension

in single permeabilized portal vein cells at pCa 6·7

A, effect of actin-binding peptide (ABP; 20 ìÒ) on
phenylephrine (10¦Ç Ò)-induced contraction. B, effect of ABP
on resting tension. C, effect of pre-treatment with ABP on
phenylephrine-induced contraction. D, control recording.
Dashed lines indicate baseline force at pCa 6·7.



Effect of åV1-2 peptide on phenylephrine-induced

contraction of single permeabilized portal vein and

aortic smooth muscle cells

We next investigated the effect of pre- and post-treatment
with 5 ìÒ åV1-2 peptide on the phenylephrine-induced
contraction of portal vein and aortic cells. As shown in
Fig. 7A, addition of åV1-2 peptide did not affect the
amplitude of the phenylephrine-induced contraction of portal
vein cells. The mean steady-state amplitudes of contraction
in response to phenylephrine without and with åV1-2 peptide
were 272·1 ± 20·1 and 270 ± 14·8 ìg (n = 5), respectively
(Fig. 9A). However, åV1-2 peptide significantly inhibited the
phenylephrine-induced contraction of aortic smooth muscle
cells (Fig. 8A), from 252·9 ± 14·4 to 132 ± 18·3 ìg (n = 5)
(Fig. 9B). The scrambled version of åV1-2 had no effect. The
mean steady-state amplitudes of contraction in response to
phenylephrine without and with scrambled åV1-2 peptide
were 252·9 ± 14·4 and 256·6 ± 8·8 ìg (n = 3), respectively.
The apparent delay in the response to åV1-2 peptide (Fig. 8A)
was not a consistent finding. Treatment with åV1_2 peptide
alone did not affect resting tension in portal vein cells
(Fig. 7B), but decreased resting tension in aortic cells
(Fig. 8B). In aortic cells, the mean steady-state decrease in
resting tension by åV1-2 peptide was 100 ± 24·7 ìg (n = 5)
(Fig. 9B). In contrast, scrambled åV1-2 peptide did not affect

resting tension. It is of interest that we have previously
shown a similar decrease in basal (i.e. ‘intrinsic’) tone of
ferret aortic cells with PSSI (Collins et al. 1992).

We also tested the effect of pre-treatment with åV1-2 pep-
tide on phenylephrine-induced contraction. Pre-treatment
of the cells with åV1-2 peptide for 20 min did not affect
subsequent phenylephrine-induced contraction of portal
vein cells (Fig. 7C), but inhibited phenylephrine-induced
contraction of aortic smooth muscle cells (Fig. 8C), from
252·9 ± 14·4 to 68 ± 18·5 ìg (n = 5) (Fig. 9B). In contrast,
scrambled åV1-2 peptide did not affect the phenylephrine-
induced contraction; the mean steady-state amplitudes of
contraction in response to phenylephrine without and with
scrambled åV1-2 peptide were 252·9 ± 14·4 and 258·3 ±
13·6 ìg (n = 3), respectively. We confirmed that the same
population of cells was capable of maximally contracting;
addition of PGFµá at the plateau of force generation by
phenylephrine in the presence of åV1-2 peptide resulted in
a significant increase in force (Fig. 8C).

Immunoblotting of PKC isoenzymes in portal vein

and aorta

To investigate the expression of PKC isozymes in portal
vein and aorta, immunoblots were performed using isozyme-
specific antibodies. As shown in Fig. 10, anti-áPKC detected
a prominent band of 82 kDa in portal vein and a weak band
in protein-matched aortic extracts. Portal vein extracts also
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Figure 5. Effect of actin-binding peptide on

phenylephrine-induced contraction and resting tension

in single permeabilized aortic cells at pCa 7·0

A, effect of ABP (20 ìÒ) on phenylephrine (10¦Ç Ò)-induced
contraction. B, effect of ABP on resting tension. C, effect of
pre-treatment with ABP on phenylephrine-induced
contraction. D, control recording. Dashed lines indicate
baseline force at pCa 7·0.

Figure 6. Statistical analysis of the effects of actin-

binding peptide on single permeabilized portal vein

cells at pCa 6·7 (A) and aortic smooth muscle cells at

pCa 7·0 (B)

Control, force induced by phenylephrine (10¦Ç Ò); Pre-treat.
of ABP, effect of 20 min of pre-treatment with ABP (20 ìÒ)
on phenylephrine-induced contraction; Post-treat. of ABP,
effect of ABP on phenylephrine-induced contraction; ABP,
force generated by ABP alone.



contained âPKC (80 kDa), but none was detectable in aorta.
åPKC (90 kDa) was detected in both tissues and the signal
was consistently stronger in aorta compared with portal
vein extracts. Since çPKC contains a sequence (residues
18—25: EAVGLQPT) similar to that of the åV1-2 peptide
(Osada et al. 1990), we also screened both tissues for the
presence of çPKC (Fig. 10) and found a faint signal in portal
vein but no detectable signal in aorta. Ferret lung was used
as a positive control. Thus, the effectiveness of the åV1-2
peptide in the aorta cells cannot be explained by the
presence of çPKC.

Digital imaging of áPKC and åPKC

Since the immunoblots indicated the presence of small but
detectable amounts of áPKC and åPKC in aorta and portal
vein, respectively, even though the peptide translocation
inhibitors had no effect, we investigated whether these
isozymes are normally translocated in these cell types. As
shown in Fig. 11, and as has been reported previously
(Khalil et al. 1994), áPKC translocates from the cytosol to
the vicinity of the surface membrane upon addition of
phenylephrine to portal vein cells. On average, the surface to
cytosol fluorescence ratio significantly (P = 0·0001) increased
from 0·75 ± 0·3 (n = 8) in resting cells to 2·06 ± 0·16

(n = 6) in stimulated cells. As expected from the immuno-
blots, the brightness of aortic cells stained for áPKC (Fig. 11)
was far less than that for portal vein cells. When surface to
cytosol ratios were calculated from áPKC-stained aortic
cells, a resting ratio of 0·77 ± 0·03 (n = 6) was obtained, in
comparison with a stimulated ratio of 0·81 ± 0·04 (n = 6),
which was not significantly different (P = 0·1293).

With respect to åPKC, we have previously reported that
phenylephrine causes a translocation to the surface of the
cell (Khalil et al. 1992) and have confirmed those findings
here. Resting aortic cells stained for åPKC had a mean
surface to cytosol ratio of 0·87 ± 0·02 (n = 6) which was
increased significantly (P = 0·0002) in the presence of
phenylephrine to 2·02 ± 0·11 (n = 6) (Fig. 11). Again, as
predicted by the immunoblots, portal vein cells stained for
åPKC were far less bright than were aorta cells (Fig. 11).
Furthermore, no significant translocation upon stimulation
was detected. The surface to cytosol fluorescence ratio was
0·79 ± 0·01 (n = 6) for resting cells and 0·81 ± 0·05 (n = 6)
for stimulated cells (P = 0·103). In all cases, it was
confirmed that cells stained with the secondary antibody
alone had no measurable fluorescence.
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Figure 7. Effect of åV1-2 peptide on phenylephrine-

induced contraction and resting tension in single

permeabilized portal vein cells at pCa 6·7

A, effect of åV1-2 peptide (5 ìÒ) on phenylephrine (10¦Ç Ò)-
induced contraction. B, effect of åV1-2 peptide on resting
tension. C, effect of 20 min of pre-treatment with åV1-2
peptide on phenylephrine-induced contraction. D, control
recording. Dashed lines indicate baseline force at pCa 6·7.

Figure 8. Effect of åV1-2 peptide on phenylephrine-

induced contraction and resting tension in single

permeabilized aortic cells at pCa 7·0

A, effect of åV1-2 peptide (5 ìÒ) on phenylephrine (10¦Ç Ò)-
induced contraction. B, effect of åV1-2 peptide on resting
tension. C, effect of 20 min of pre-treatment with åV1-2
peptide on phenylephrine-induced contraction. PGFµá was
added after the phenylephrine-induced contraction had
stabilized. D, control recording. Dashed lines indicate
baseline force at pCa 7·0.



DISCUSSION

The main purpose of the present study was to use peptides
designed to block isozyme-specific targeting sequences to
determine which PKC isozymes are necessary for
phenylephrine-induced contraction of single permeabilized
portal vein and aortic smooth muscle cells of the ferret. We
have previously found that brief saponin treatment of single

smooth muscle cells results in a hyperpermeable preparation
which retains receptor-coupled function (Collins et al. 1992).
We have also previously reported that, with this method,
addition of calmodulin in the buffers is not necessary to
produce Ca¥—tension relationships that mimic those
reported for intact cells loaded with Ca¥ indicators.
Furthermore, the amplitude of the phenylephrine-induced
contraction in permeabilized single cells made by this
method is not different from that in intact cells (Brozovich et

al. 1990). This implies that our permeabilization method
does not cause a significant loss of small molecules such as
calmodulin that might affect contractility. We have also
previously presented evidence that the phenylephrine-
induced contraction of permeabilized aortic cells at constant
[Ca¥] is the result of activation of a Ca¥-independent PKC
isozyme (Collins et al. 1992).

In the present study, phenylephrine evoked contraction of
portal vein cells at pCa 6·7 but not at pCa 7·0; in contrast,
it did evoke contraction of aortic cells at pCa 7·0. Thus,
although the phenylephrine-induced contraction of ferret
aortic cells has previously been shown to be Ca¥ independent
(Collins et al. 1992), in portal vein cells this contraction
requires at least pCa 6·7. Although the contraction in portal
vein cells is Ca¥ dependent, the results indicate a ‘Ca¥
sensitization’ since, at constant [Ca¥], the addition of
phenylephrine increases force.

In imaging studies using Bodipy Phorbol, a non-isozyme-
specific PKC probe, we showed that phenylephrine-induced
shortening and translocation of PKC to the surface
membrane are dependent on extracellular Ca¥ in portal
vein but not aortic smooth muscle cells (Khalil & Morgan,
1992). We suggested that this is related to the presence of
Ca¥-dependent PKC isozymes in portal vein, but Ca¥-
independent isozymes in aorta (Khalil & Morgan, 1992). We
have also previously reported that translocation of áPKC
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Figure 9. Statistical analysis of the effects of åV1-2

peptide on single permeabilized portal vein cells at pCa

6·7 (A) and aortic smooth muscle cells at pCa 7·0 (B)

Control, force induced by phenylephrine (10¦Ç Ò); Pre-treat.
of åV1-2, effect of 20 min of pre-treatment with åV1-2
peptide (5 ìÒ) on phenylephrine-induced contraction; Post-
treat. of åV1-2, effect of åV1-2 peptide on phenylephrine-
induced contraction; åV1-2, force generated by åV1-2 peptide
alone. *P < 0·05 compared with contraction induced by
phenylephrine alone.

Figure 10. Immunoblots of áPKC, âI—IIPKC, åPKC and çPKC in portal vein and aorta

FA, ferret aorta; FPV, ferret portal vein; FL, ferret lung.



requires •150 nÒ [Ca¥]é and reaches a maximal level at
•200 nÒ [Ca¥]é (Khalil et al. 1994). Thus, the fact that
pCa 6·7 is required for phenylephrine-induced contraction
of portal vein cells is consistent with the in situ Ca¥
dependence of áPKC translocation.

It has been reported that PKC isozymes translocate to
unique subcellular sites following activation and that
translocation is required for their function. Translocation
has been suggested to involve binding of activated isozymes
to specific anchoring proteins, RACKs (Mochly-Rosen et al.

1991; Ron & Mochly-Rosen, 1994, 1995; Mochly-Rosen,
1995; Johnson et al. 1996). Therefore, we postulated that
synthetic peptides derived from RACK-binding sequences
of PKC isozymes may inhibit the translocation and function
of PKC isozymes in permeabilized smooth muscle cells.

As described in the Introduction, C2-2 is a peptide derived
from the C2 domain of âPKC and has been reported to be a
translocation inhibitor of Ca¥-dependent PKC isozymes

(Ron et al. 1994). åV1-2 is a short peptide derived from the
V1 region of åPKC and is reported to be a translocation
inhibitor of åPKC (Johnson et al. 1996); çPKC contains a
similar sequence (EAVGLQPT, residues 18—25) (Osada et

al. 1990) and so this peptide could be expected to inhibit
translocation of çPKC as well as åPKC. However, even
though çPKC was detected in portal vein, it was not
detectable in aorta and, therefore, cannot explain the effects
of the åV1-2 peptide. If stimulation-induced translocation
of PKC isozymes is required for their function, then
introduction of these isozyme-specific translocation inhibitors
into single permeabilized portal vein and aortic cells should
inhibit their functions. We focused on the effects of C2-2
and åV1-2 peptides on phenylephrine-induced contraction
of portal vein and aortic cells at constant [Ca¥].

A major finding of the present study was that C2-2 peptide
inhibited phenylephrine-induced contraction of portal vein,
but not of aorta. We also confirmed the expression of á and
âPKC isozymes in the portal vein. These results suggest
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Figure 11

Typical images of aortic and portal vein cells either at rest or after 10 min stimulation with 10¦Ç Ò
phenylephrine (PE) and then stained to locate áPKC (top) or åPKC (bottom). Scale bar, 5 ìm.



that phenylephrine-induced contraction of the portal vein
may be caused by activation of Ca¥-dependent PKC
isozymes containing the C2 domain. Furthermore, these
results suggest that the function of the activated PKC
isozymes in smooth muscle cells is dependent on interaction
with a RACK. On the other hand, relatively small amounts
of áPKC, and no âPKC, were detected in the aorta. The
failure of C2-2 peptide to inhibit phenylephrine-induced
contraction of aortic smooth muscle cells could be due to the
very low level of áPKC expression or to a lack of intact
signalling cascades linking áPKC to contraction in these
cells, e.g. absence of an appropriate RACK. Indeed, the
imaging data indicate that the small amount of áPKC
present in the aorta does not translocate in the presence of
phenylephrine.

Inhibition of phenylephrine-induced contraction of portal
vein cells by pre-treatment with C2-2 peptide was more
effective than inhibition by post-treatment with the
peptide. Previous studies investigating the effects of PKC
translocation inhibitors have generally been performed
using pre-treatment with the peptides (Smith & Mochly-
Rosen, 1992; Ron & Mochly-Rosen, 1994; Ron et al. 1995;
Johnson et al. 1996; Yedovitzky et al. 1997). In the case of
exposure of the cell to the peptide prior to activation of
PKC, the translocation inhibitor presumably binds to a
RACK and, following stimulation with phenylephrine,
prevents the interaction of PKC with the RACK. In the
case of post-treatment with the peptide, RACKs should be
pre-occupied by activated PKC which may have already
phosphorylated its substrate, necessitating the action of a
phosphatase for reversal of the contraction and a lesser
effect of the peptide would therefore be expected.

Another major finding of the present study was that åV1-2
peptide inhibited phenylephrine-induced contraction of
aortic but not portal vein cells. Furthermore, the level of
expression of åPKC in aorta was significantly greater than
that in portal vein cells, qualitatively confirming our
previous studies in which åPKC was detected in aorta but,
at equivalent exposure times in both Western blot and
single cell imaging, was not detectable in portal vein (Khalil
et al. 1992). Similarly, Walker et al. (1998) have reported
the presence of greater quantities of åPKC in ferret aorta
than in ferret portal vein or ferret femoral artery. åV1-2
peptide has been shown to inhibit the translocation of
åPKC, but not á, â or äPKC isozymes (Johnson et al. 1996).
Furthermore, the åV1 domain fragment binds to the åPKC-
specific RACK when introduced into cells and thus inhibits
phorbol ester or hormone-induced åPKC translocation and
binding to its RACK. Our results, therefore, indicate that
interaction of activated åPKC with this RACK is required
for phenylephrine-induced contraction of the aorta. The
åV1-2 peptide also reduced resting tension in aortic cells at
pCa 7·0. These results suggest that basal active tension
involves partial activation of åPKC in aortic cells. We
previously showed that the addition of PSSI to unstimulated

permeabilized cells caused a significant drop in basal tension
at pCa 7·0, and suggested that a fraction of the basal
tension is the result of activation of a Ca¥-independent
PKC isozyme (Collins et al. 1992).

On the other hand, the åV1-2 peptide failed to inhibit
phenylephrine-induced contraction or reduce basal tension
in portal vein cells at pCa 6·7. This was surprising given the
expression of åPKC in portal vein, albeit at a lower level
than that in the aorta. At pCa 6·7, both Ca¥-dependent
and Ca¥-independent PKC isozymes may be activated by
phenylephrine. The fact that phenylephrine did not evoke
contraction of portal vein cells at pCa 7·0 and that the
translocation inhibitor of åPKC did not affect the amplitude
of the phenylephrine-induced contraction, strongly suggests
that members of the signalling cascade linking åPKC to
contraction are missing from the portal vein. Again, this
could be due, for example, to the absence of a specific RACK.
Imaging of åPKC in portal vein cells showed no detectable
translocation of åPKC upon addition of phenylephrine. It is
of interest that Walker et al. (1998) have similarly reported
that, despite the presence of the Ca¥-independent åPKC in
intact portal vein, this tissue fails to contract in response to
a phorbol ester in the absence of extracellular Ca¥.

Activation of PKC by phenylephrine has been shown to
induce translocation of cytosolic PKC to the surface
membrane in a previous (Khalil & Morgan, 1991) and in the
present study, and to stimulate binding to and phos-
phorylation of a variety of cytosolic regulatory proteins
(Mochly-Rosen et al. 1991). The plasmalemmal location of
activated PKC has been difficult to reconcile with the distant
intracellular location of contractile proteins. However, it has
been reported previously that the phenylephrine-induced
translocation of cytosolic PKC to the surface membrane is
associated with a transient redistribution of cytosolic
mitogen-activated protein (MAP) kinase to the surface
membrane before cell contraction (Khalil & Morgan, 1993).
Coincident with cell contraction, MAP kinase undergoes a
second redistribution away from the plasmalemma and
towards the vicinity of the contractile filaments (Khalil &
Morgan, 1993). It has also been reported that PD-098059, a
specific inhibitor of MAP kinase kinase, inhibits contraction,
MAP kinase activation and caldesmon phosphorylation by
phenylephrine (Dessy et al. 1998). Therefore, translocation
of PKC appears to trigger a phosphorylation cascade
resulting in activation of MAP kinase (as well as other
kinases), phosphorylation of the thin filament-associated
protein caldesmon and, finally, contraction.

It has been suggested by others that an isozyme-specific
interaction between åPKC and filamentous actin may serve
as a necessary prelude to glutamate-induced exocytosis
from nerve terminals, implying that actin is a principal
anchoring protein or scaffolding protein for åPKC within
nerve endings (Prekeris et al. 1996). The binding site for
actin is located between the first and second cysteine-rich
regions within the regulatory C1 domain of åPKC (Prekeris

Y.-H. Lee, I. Kim, R. Laporte, M. P. Walsh and K. G. Morgan J. Physiol. 517.3718



et al. 1996). We examined the effects of a synthetic actin-
binding peptide corresponding to the putative actin-binding
domain of åPKC (åPKC(223—228)), which has been shown
to compete with native åPKC for binding to purified actin in

vitro, on phenylephrine-induced contraction of portal vein
and aortic smooth muscle cells. The peptide failed to have
any effect on phenylephrine-induced contraction or resting
tension in either cell type.

In conclusion, our results support the involvement of a Ca¥-
dependent PKC isozyme (á andÏor âPKC) in the signalling
cascade leading to contraction of portal vein but not aortic
smooth muscle cells. On the other hand, our results suggest
the involvement of åPKC (but not acting via its actin-
binding domain) in contraction of aortic but not portal vein
smooth muscle cells.
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