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Dessy, Chantal, Naruto Matsuda, Justin Hulver-
shorn, Carrie L. Sougnez, Frank W. Sellke, and Kath-
leen G. Morgan. Evidence for involvement of the PKC-a
isoform in myogenic contractions of the coronary microcircu-
lation. Am J Physiol Heart Circ Physiol 279: H916-H923,
2000.—The role of protein kinase C (PKC) isoforms in myo-
genic tone of the ferret coronary microcirculation was inves-
tigated by measuring fura 2 Ca®* signals, PKC immunoblots,
contractile responses, and confocal microscopy of PKC trans-
location. Phorbol ester-evoked contractions were completely
abolished in the absence of extracellular Ca®* but involved a
Ca®" sensitization relative to KCl contractions. Immunoblot-
ting using isoform-specific antibodies showed the presence of
PKC-a and -v and traces of PKC-¢ and -p in the ferret
coronary microcirculation. PKC-B was not detectable. When
intraluminal pressure (40 to 60 and 80 mmHg) was in-
creased, ferret coronary arterioles showed a transient in-
crease in fura 2 Ca®" signals, whereas the myogenic tone
remained sustained. The increase in Ca®" and tone was
sustained at 100 mmHg. Isolated ferret coronary arterioles
were fixed and immunostained for PKC-a at 40 and 100
mmHg intraluminal pressure. PKC translocation was deter-
mined by confocal microscopy. Increased PKC translocation
was observed when vessels were exposed to 100 mmHg rel-
ative to that at resting pressure (40 mmHg). These results
suggest a link between the Ca®" sensitization that occurs
during the myogenic contraction and activation of the a-iso-
form of PKC.

protein kinase C; smooth muscle contraction; calcium

CORONARY BLOOD FLOW is mostly determined by the vas-
cular tone of coronary vessels with a diameter <170
pm (15, 16, 29). In the coronary microcirculation where
the blood flow must be rapidly regulated to meet the
constantly changing metabolic needs of the myocar-
dium, vascular resistance results from the integration
of different control mechanisms, including intrinsic,
metabolic-controlled, agonist-controlled, flow-depen-
dent, and myogenic tone. Myogenic tone refers to the
ability of vascular smooth muscle to alter its state of
contractility in response to changes of intraluminal
pressure; the vessel constricts in opposition to an in-
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crease in intravascular pressure and dilates when the
pressure decreases. This particular behavior has been
observed in a variety of vascular tissues, including
veins and conduit arteries, but is especially prevalent
in the resistance vasculature. Although there is now
compelling evidence to suggest that myogenic tone is a
key process in the regulation of blood flow through the
coronary circulation (23, 25), the mechanisms by which
vascular smooth muscle cells respond to changes in
intravascular pressure are still not well understood.

As in many other contractile processes, the myogenic
contraction is thought to be highly dependent on the
intracellular Ca®* concentration and was classically
described as being a Ca®?"-dependent process where
pressure-evoked depolarization and Ca®" entry
through voltage-operated Ca®* channels play obliga-
tory roles (8, 26). More recently, studies performed on
hamster cheek pouch arterioles (5) and rat mesenteric
arteries (37), while confirming the high dependency of
myogenic tone on extracellular Ca®*, documented an
alteration of the Ca®"-tension relationship evoked by
pressure. The existence of alternative and/or addi-
tional mechanisms leading to myogenic tone had pre-
viously been suggested by the use of moderately spe-
cific protein kinase C (PKC) inhibitors, which reduced
the myogenic response of resistance arteries (26). How-
ever, PKC inhibitors also often lead to a loss of basal
tone, thereby altering the contractile state of the prep-
aration and making interpretation of the exact role of
PKC in myogenic tone development difficult.

PKC is a key enzyme in the regulation of many
cellular processes such as growth, differentiation, me-
tabolism, secretion, and smooth muscle contraction [for
review, see Nishizuka (30) and Walsh et al. (38)]. The
PKC family comprises 11 isoenzymes that share simi-
lar domain structure and can be classified in four
groups on the basis of their structural and regulatory
properties. The classic PKCs («, B4, Bs, and ) require
Ca?*, diacyglycerol, and phosphatidylserine for activa-
tion; the novel PKCs (3, €, m, and 6) have no require-
ment for Ca?" but require diacylglycerol and phospha-

The costs of publication of this article were defrayed in part by the
payment of page charges. The article must therefore be hereby
marked “advertisement” in accordance with 18 U.S.C. Section 1734
solely to indicate this fact.

http://www.ajpheart.org



PKC IN FERRET CORONARY MICROCIRCULATION

tidylserine, and the atypical PKCs (v, \, and {) are
activated by phosphatidylserine alone. PKC-p., or PKD,
is classified separately because it exhibits only a low
degree of sequence similarity with other PKC family
members. In conduit arteries such as aorta and carotid
arteries, many studies have shown that PKC activa-
tion evokes a Ca®" sensitization of contraction. We
showed in previous studies that, in the ferret aorta, a
phorbol ester-mediated contraction persists at resting
intracellular Ca?* concentration (3, 18) and occurs
without any detectable change in cytosolic Ca2" or in
myosin light chain (MLC) phosphorylation (14). We
have implicated the PKC-¢ isoform as one important
mediator of the development of the Ca®*-independent
contraction in the ferret aorta through mitogen-acti-
vated protein kinase activation (7, 12, 20, 21) and
subsequent caldesmon phosphorylation (7, 20).

In this study, we investigated the potential involve-
ment in these microvessels of the Ca®"-independent
PKC-¢-mediated pathway that we have identified in
conduit arteries but found no evidence for this pathway
during myogenic contractions. Instead, we report here
a prominent role of a Ca®*-dependent PKC pathway,
and we provide evidence specifically implicating the
Ca®*-dependent PKC-a isoform in the generation of
microvessel myogenic tone.

METHODS

Microvessel isolation. Male ferrets were anesthetized with
chloroform in a ventilation hood in agreement with proce-
dures approved by the Institutional Animal Care and Use
Committee. The heart was quickly removed and immersed in
an oxygenated (95% O,-5% CO,) physiological saline solution
(PSS) composed of (in mM) 120 NaCl, 5.9 KCl, 25 NaHCO,,
17.5 dextrose, 2.5 CaCl,, 1.2 MgCl,, and 1.2 NaH,PO, (pH
7.4) maintained at 4-8°C to prevent movement. Microarte-
rial vessels emanating from the left anterior descending
coronary artery were carefully dissected with a X10-40 dis-
secting microscope (Olympus Optical).

Contraction and Ca®* measurements. Vascular segments
varied in size from 70 to 175 wm in internal diameter and
from 1 to 2 mm in length. These were placed in a Plexiglas
isolated organ chamber (Medical Instruments, University of
Towa), cannulated with dual glass micropipettes measuring
30—60 pm in diameter, and secured with 10-0 nylon mono-
filament suture. The PSS aerated with 95% 0,-5% CO, and
maintained at 37°C was continuously circulated through the
organ chamber. Microvessels were pressurized to 40 mmHg
in a no-flow state with a burette manometer filled with PSS.
This pressure was chosen to avoid any stretch-dependent
effects that begin at higher pressures (24, 25). With an
inverted microscope (IM 35; Zeiss) connected to a charge-
coupled device video camera (Sony), the vessel image was
projected on a television monitor (Sony) where the internal
diameter could be measured. After 30 min of equilibration in
oxygenated PSS at 37°C, baseline diameter (in pm) and
autofluorescence were recorded, and the viability of the ves-
sel was assessed by stimulation with a high-KCl PSS. Vessels
were then washed with PSS and equilibrated for 30 min at
37°C.

Vessels were exposed to 5 pM fura 2-acetoxymethyl ester
(AM) and 0.01% pluronic in noncirculating PSS for 30 min at
room temperature. At the end of the loading period, circula-
tion of oxygenated and warmed PSS was resumed to allow
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the washing of extracellular fura 2-AM and deesterification
of intracellular fura 2-AM.

After 40 min of washing in PSS, baseline diameter was
recorded. Microvessels were illuminated with a mercury
lamp. The excitation light was passed through neutral den-
sity and excitation filters (350 = 5 and 390 + 6 nm). Excita-
tion filters were housed in a motorized filter wheel. Emission
light from the sample was passed through a dichroic mirror
(405 nm) and through a band-pass filter (510 + 24 nm; Zeiss).
The objective lens used was a Nikon Fluor X20. Fluorescent
signals were collected via a photomultiplier tube
(Hamamatsu R928) after excitation at 350 or 390 nm. Care
was taken to position the pin hole on a homogeneous spot in
the vessel wall. The signal from the PMT was digitized by a
Data Aquisition EZ analog-to-digital converter. The digital
signal of the two wavelengths was processed using a program
written using the DTVee version 3.0 programming environ-
ment (DataTranslation), and the ratio of the 350 signal to the
390 signal was calculated. Autofluorescence was determined
in unloaded vessels under all experimental conditions (i.e.,
during changes in pressure or in the presence of KCl) and
was subtracted from the 350 and 390 signals before calcula-
tion of the ratio. Little or no change in autofluorescence was
seen with stimulation of the vessels.

Vessels were stimulated with high-KCl PSS, and contrac-
tion and fluorescence at 350 and 390 nm were recorded
within 10-20 s of each other. After a wash with PSS and a
short period of equilibration (15 min), vessels were submitted
to increased transmural pressure (10, 40, 60, 80, and 100
mmHg). Fluorescence at 350 and 390 nm was recorded dur-
ing the first minute after modification of the pressure and at
equilibrium (5 min) where the diameter was also assessed. If
necessary, focus was adjusted manually before the steady-
state recordings to reposition the focus on the center of the
cell being studied. In a separate set of experiments, albumin
was added to the perfusion solution, and identical amplitudes
were obtained for the myogenic contractions. Therefore, al-
bumin was not used in the remainder of experiments.

Some vessels were stimulated with 1 puM 12-deoxyphorbol
13-isobutyrate 20-acetate (DPBA), a phorbol ester, in a Ca®*-
containing PSS. Fura 2 fluorescence and diameter were re-
corded when the vessel reached a steady-state contraction,
and then 4 mM EGTA was added. Diameter and fura 2
fluorescence were again measured when a new equilibrium
was reached.

In another set of experiments, increased transmural pres-
sure was applied to vessels maintained at 4°C. Diameter was
measured at steady state (5 min).

Western blot. Vessels were dissected as described above,
and special care was taken to remove all of the adherent
connective tissue. Vessels were frozen and homogenized as
described previously (7) in a buffer containing 50 mM Tris
(pH 7.4), 10% glycerol, 5 mM EGTA, 140 mM NaCl, 1.0%
Nonidet P-40, 5.5 mM leupeptin, 5.5 mM pepstatin, 20 KIU
aprotinin, 1 mM Na;VO,, 10 mM NaF, 0.25% (wt/vol) sodium
deoxycholate, 100 n.M ZnCl,, 20 mM B-glycerophosphate, and
20 pM phenylmethylsulfonyl fluoride. For each preparation,
vessels from two to three ferrets were pooled. To compare the
PKC population in the coronary microcirculation with the
population in a nonresistance vascular bed, ferret aorta sam-
ples prepared following the same method were used. Protein-
matched samples (30 ug protein/lane) were subjected to elec-
trophoresis on 10% SDS-polyacrylamide gels and then were
transferred to polyvinylidene difluoride (PVDF) membranes.
Reversible Ponceau staining of the membranes was per-
formed to confirm the equal loading of protein. The mem-
branes were incubated in 5% dried milk in PBS-Tween buffer
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for 1 h at room temperature and then were incubated over-
night at 4°C in the presence of the primary antibodies PKC-a
(1:500; UBI), PKC-¢ (1:500; Santa Cruz), PKC-B (B; and By;
1:1,000; Transduction Laboratories), PKC-3 (1:500; Trans-
duction Laboratories), PKC-p (1:500; Transduction Labora-
tories), and PKC-u (1:250; Transduction Laboratories). Mem-
branes were washed and then were incubated with
horseradish peroxidase-conjugated secondary antibody (1:
2,000; Calbiochem) for 1 h. Immunoreactive bands were
visualized by enhanced chemiluminescence (Pierce). Devel-
oped films from enhanced chemiluminescence were scanned,
and relative amounts of PKC isoforms were quantitated by
densitometry of X-ray films using National Institutes of
Health (NIH) Image. In all cases, care was taken to ensure
that saturation did not occur at any steps in the process.

PKC translocation: Confocal microscopy. Methods are a
modification of those published previously (20). Pressurized
vessels were fixed with 4% paraformaldehyde in different
conditions of pressure or stimulation (40 or 100 mmHg in
PSS or 40 mmHg in the presence of DPBA 1 uM). Subse-
quently, the excess of paraformaldehyde was quenched with
100 uM glycine, and the vessels were permeabilized with
0.1% Triton X for 20 min. Preparations were blocked with
10% goat serum for 2 h and were allowed to react overnight
with a mouse anti-PKC-a monoclonal antibody (1:500; UBI)
in Hanks’ solution containing BSA (1%) and penicillin/strep-
tomycin (GIBCO). This antibody gives a single band when
used at concentrations of 100:1 or less against smooth muscle
whole cell homogenate, has previously been shown to track
Ca®"-dependent translocations of PKC-a in enzymatically
isolated vascular smooth muscle cells (19), and gives no
detectable signal against other isoforms of PKC. Prepara-
tions were washed with Hanks-BSA and were then incu-
bated in the presence of an Oregon green-labeled secondary
antimouse antibody (1:500; Vector Laboratories, Burlin-
game, CA). Whole vessels were mounted on slides with Vec-
torshield containing a propium iodide-nucleic acid stain (Vec-
tor Laboratories) before analysis with the confocal
microscope.

Images were obtained using a Leica TCS 4D Confocal
Laser Scanning Microscope equipped with an Argon-Krypton
laser and Leica X40 [numeric aperture (NA) 1.0] and X100
(NA 1.4) oil immersion, infinity-corrected objectives. Pin
holes of 60 and 140 pm were used for the X40 and X100
objectives, respectively. The microscope was controlled using
SCANware version 5.1a run on a MS-DOS based microcom-
puter. A laser line at 488 nm was used for excitation with a
530 = 15-nm (band pass) emission filter for Oregon green,
whereas an excitation wavelength of 568 nm with an LP 590
emission filter was used for the nuclear stain. Sixteen sec-
tions with a 1-pm Z-step size were obtained. For each optical
section, eight scans were signal averaged.

Twenty-kilodalton myosin light chain phosphorylation
measurements. Phosphorylation of 20-kDa myosin light
chains (MLC,,) was measured using glycerol-urea minigels.
The vessels were rapidly removed from the experimental
apparatus and immediately frozen (within 3 s) by immersion
for 60 min in an acetone-dry ice slurry containing 10% TCA
and 10 mM dithiothreitol (DTT). Frozen vessels were gradu-
ally warmed up to room temperature, followed by five rinses
with acetone containing 5 mM DTT to remove TCA, and then
were stored at —80°C before use. In general, two vessel
segments (5—7 mm total length) from a given protocol were
combined for one phosphorylation measurement. The sam-
ples were suspended in 20 pl of urea sample buffer [8.0 M
urea, 20 mM Tris base, 23 mM glycine (pH 8.6), 10 mM DTT,
10% glycerol, and 0.04% bromphenol blue], applied to glyc-
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erol-urea minigels (10% acrylamide/0.8% bisacrylamide, 40%
glycerol, 20 mM Tris base, and 23 mM glycine), and subjected
to electrophoresis at 400 V constant voltage until the dye
front ran off. Electrophoretic transfer of proteins from the
gels on PVDF membranes was carried out. The membrane
was blocked in 5% milk solution for 30 min and then was
incubated overnight at 4°C with a specific MLC,, monoclonal
antibody (1:1,000; Sigma). The blot was then placed in an
anti-mouse IgG (goat) conjugated with horseradish peroxi-
dase (1:1,000; Calbiochem) and was visualized with chemilu-
minescence (Super Signal; Pierce, Rockford, IL). The MLC,,
bands were quantitated densitometrically using NIH image,
and the MLC,, phosphorylation levels were expressed as the
area of phosphorylated MLC,, divided by the total area of
MLC,, times 100%. Care was taken to ensure that bands
subjected to densitometry were not saturated.

RESULTS

PKC-mediated contraction in ferret coronary mi-
crovessels. To determine if PKCs may play a role in
the contractile process of the ferret coronary micro-
circulation, vessels (157 £ 9 um, n = 4) pressurized
at 40 mmHg and loaded with fura 2 were exposed to
1 pM DPBA in a Ca®"-containing PSS. An increase
in the fluorescence ratio (350/390) was accompanied
by a slow and sustained constriction of the vessels.
At steady-state contraction, the internal diameter
was 51 = 6 pm, which is significantly smaller than
the diameter reached by the same vessels after stim-
ulation with 51 mM KC1 (80 * 5 pm, P < 0.05). KCI
was used in this study as a mode of inducing con-
traction that is unlikely to involve the activation of
complex signaling cascades, i.e., “electromechanical
coupling” (36). KCI stimulation is expected to acti-
vate no second messengers other than a simple in-
crease in intracellular Ca®" concentration conse-
quent to the depolarization-induced opening of
voltage-dependent Ca®* channels (36).
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Fig. 1. Increase of the fura 2 Ca®" signal and decrease of the internal
diameter evoked by 1 pM 12-deoxyphorbol 13-isobutyrate (DPBA) in
isolated ferret coronary microvessels bathed in a Ca®*-containing
(left) or a Ca®*-free (4 mM EGTA; right) physiological solution. Both
the DPBA-evoked fura 2 Ca2" signal and the contraction are abol-
ished in the absence of extracellular Ca®*. Results are expressed as
percentage of a maximum KCl-evoked response in the presence of
Ca®" and are the means + SE of 4 different vessels. **P < 0.01.
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Fig. 2. Immunoblots of protein kinase C (PKC)-a, -€, -1, and -m

isoforms from isolated ferret microvessels and ferret aorta. Immu-
noblots are representative of immunoblots of 3—5 independent prep-
arations. FA, ferret aorta; FuV, ferret microvessel.

As can be observed in Fig. 1, left, the fura 2 ratio
increased significantly less with DPBA than with KCI
even though DPBA caused a greater reduction in di-
ameter. To decrease the intracellular Ca®>" concentra-
tion to below the activation level of Ca®*-dependent
PKC isoforms (19), 4 mM EGTA was added to the
DPBA-containing PSS. Within minutes, vessels
started to relax to reach a diameter close to the diam-
eter measured before DPBA stimulation (155 = 9 pm,
P < 0.01). The Ca®" ratio measured after full relax-
ation was not significantly different from the ratio
measured before DPBA stimulation (Fig. 1, right).

PKC isoforms in ferret coronary microvessels. In the
coronary microcirculation of the ferret, four different
isoforms of PKC were found to be expressed: «, €, u,
and v (Fig. 2). PKC-B3 (B1, B2) and PKC-3 isoform
expression was not detectable. The identification of
PKC isoforms was based on the size and the comigrat-
ing positive control signal from cellular lysates that
express that particular isoform. Quantification of the
immunoblots showed that the Ca®*-dependent PKC-a
isoform is fivefold (4.7 + 0.9, n = 5) more abundant in
the coronary microcirculation than in protein-matched
samples from the aorta, a nonmyogenic vessel. In con-
trast, the Ca®*-independent isoform PKC-¢ is four- to
fivefold less abundant in the coronary microcirculation
than in the aorta (0.22 = 0.07, n = 4). The PKC-pn
isoform (also known as PKD) showed a similar pattern
to PKC-£ (0.21 *= 0.03, n = 3), whereas the abundance
of PKC-. was similar in the two types of vessels.

Myogenic tone in ferret coronary microvessels. In the
ferret coronary microvessels, luminal diameter in-
creased slightly immediately after the transmural
pressure was increased and then decreased to reach a
new steady state. The fura 2 ratio was measured dur-
ing the first minute after the variation of intraluminal
pressure and then at 5 min when the diameter of the
vessel remained stable. The fura 2 ratio showed an
increase during the first minute after the pressure was
modified. At pressures of 60 and 80 mmHg, the ratio at
5 min was diminished to a level not significantly dif-
ferent from the resting level (40 mmHg; P > 0.05; Fig.
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3). However, a sustained myogenic contraction was
observed in that the steady-state intraluminal diame-
ter was not significantly increased by the step increase
in pressure (P > 0.05; Fig. 3B, active curve). At a
pressure of 100 mmHg, five out of eight vessels showed
a sustained increase in the fura 2 ratio (Fig. 3A). The
reason that the increase in the fura 2 ratio was sus-
tained at this high pressure in some of these vessels is
unknown.

To define passive diameters, some vessels were kept
at 4°C for 10 min before and during the step increase in
intraluminal pressure. Because of the decrease in fura
2 fluorescence at cold temperatures, we were not able
to monitor the fura 2 ratio in these vessels. When
increased luminal pressure was applied to vessels at
4°C, microvessels dilated in proportion to the increase
of pressure (Fig. 3B, passive curve) as expected in the
absence of myogenic response.
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Fig. 3. A: changes in the fura 2 Ca%* signal evoked by step increases
of the intraluminal pressure in ferret coronary arterioles. The fura 2
Ca?" signal was measured at 1 min or 5 min after the step increase
in pressure. The values are expressed as a percentage of the change
caused by 51 mM KCI PSS. *Significant differences from baseline
(P < 0.05). *P < 0.01 and + P < 0.5, significant differences between
1- and 5-min measurements. B: changes in internal diameter of
ferret isolated arterioles submitted to step increases of the intralu-
minal pressure at 37°C or 4°C. Results are means * SE of 3-8
different vessels.
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Fig. 4. Representative confocal microscopy im-
ages of ferret coronary arterioles stained for
PKC-«a (top) and, for orientation, for nuclei (bot-
tom). The long axis of the nuclei run parallel to
the long axis of the smooth muscle cells. Vessels
were fixed at resting intraluminal pressure (40
mmHg, left) or 5 min after an increase of the
intraluminal pressure to 100 mmHg (right). At
resting pressure, a relatively homogeneous cyto-
solic staining for PKC-a can be observed, but, at
100 mm, staining is more heterogeneous. The
control vessel was rated at “0,” and the pressur-
ized vessel was rated at “2+,” as described in
text.

PKC and myogenic contraction. Vessels were cannu-
lated and stimulated as previously described (see METH-
ons, PKC-mediated contraction in ferret coronary mi-
crovessels, and Myogenic tone in ferret coronary
microvessels) either with a step increase in intralumi-
nal pressure or DPBA. They were then fixed with
formaldehyde and kept at 4°C until immunostaining
with a PKC-a specific antibody (see METHODS). Although
it was not possible to identify the borders of individual
cells and calculate the specific degree of cytosolic-to-
membrane translocation, the stimulated vessels con-
sistently showed a heterogeneous pattern of PKC-«
staining such as would be produced by translocation.
In contrast, the control vessels consistently showed a
homogeneous pattern of staining. Figure 4 shows a
representative image of a control vessel on the left (40
mmHg) and of a vessel pressurized at 100 mmHg on
the right. PKC-a staining is shown on Fig. 4, top, and,
for orientation, nuclear staining is shown on Fig. 4,
bottom. An independent, blinded, investigator assessed
translocation of PKC-a by scoring 2+ for a dramatic
translocation, 1+ for slight translocation, and 0 for no
detectable translocation. In three out of four vessels
stimulated with 1 puM DPBA, a score of 2+ was given.
In eight vessels pressurized at 100 mmHg, four were
scored at 2+, three were scored at 1+, and one was
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scored at 0. In four vessels pressurized at 40 mmHg,
three vessels were scored at 0 while one vessel was
scored at 1+. Thus more PKC-a translocation was
detectable during the myogenic contraction at 100
mmHg than at 40 mmHg.

Myosin phosphorylation and myogenic contraction.
The question arises as to the possible downstream
effectors of PKC that might be associated with “Ca®*
sensitization.” Others have suggested that PKC might
cause sensitization in microvessels by inhibiting
MLC,, phosphatase (9, 36). Thus we measured MLC,,
phosphorylation in resting vessels at 40 mmHg, in
vessels undergoing a steady-state myogenic contrac-
tion to 100 mmHg, and, for comparison, during expo-
sure to 51 mM KCI PSS (56 min) at 40 mmHg. As is
shown in Fig. 5A, MLC,, phosphorylation increased in
a statistically significant manner (P < 0.05) from basal
values of 13.4% at 40 mmHg to a value of 20.7% at 100
mmHg. This increase was less than that seen in the
presence of 51 mm KCl PSS (33.6%); however, the
decrease in diameter caused by KCI was also greater
than that caused by the 100 mmHg pressure step.
Thus, for purposes of illustration, we plotted (Fig. 5B)
diameter against MLC,, phosphorylation. In this fig-
ure the three points appear to fall on the same line. It
is worth noting, however, that, since the 100 mmHg
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Fig. 5. Changes in 20-kDa light chain (MLC,) phosphorylation with
pressure. A: MLC,, phosphorylation measured from microvessels at
40 mmHg, 100 mmHg, or in the presence of 51 mM KCl (51K)
physiological saline solution (PSS) at 40 mmHg. 5.9K, 5.9 mM KCl in
normal PSS. B: data from A plotted as diameter (as a percentage of
baseline diameter at 40 mmHg) against ML.C,, phosphorylation; n =
8 in all cases. MLC-p, myosin light chain phosphorylation.

vessels were at a greater pressure than the remaining
two sets of vessels, the 100 mmHg vessels would be
expected to have generated a much greater active force
to maintain the observed diameter. Thus, although
active force cannot readily be quantitated under iso-
baric conditions, the small increase in MLC,, phos-
phorylation may be insufficient to explain the magni-
tude of the active force generated.

DISCUSSION

In this paper, we have shown that both the DPBA-
mediated contraction and myogenic tone in the coro-
nary microvessels of the ferret are highly dependent on
extracellular Ca®". These results are in marked con-
trast to the situation observed during the PKC-medi-
ated contraction in the ferret aorta, a conduit artery
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where a major role for PKC-¢ has been implicated (12,
35). Thus, whereas the Ca®'-independent isoform
PKC-¢ is implicated in ferret aorta contractions, a
Ca?"-dependent member of the PKC family must be
involved in these microvessels from the same species.
Moreover, we showed that, during the development
and maintenance of myogenic tone in these microves-
sels, a biphasic modification of the cytosolic Ca?" sig-
nal could be observed; an increase in intraluminal
pressure evoked an increase in cytosolic Ca®" during
the first minute, followed by a decrease to a lower
cytosolic Ca®" level. In the steady state, it is clear that
the myogenic contraction is not Ca®>" independent, but,
on the other hand, it is clear that it does involve Ca?*
sensitization. This sensitization is accompanied by a
translocation of the Ca®?"-dependent PKC-a.

To determine which PKC isoform(s) could be in-
volved, we have used isoform-specific antibodies on
preparations of isolated ferret coronary microvessels.
We identified four different isoforms in these vessels: a
(Ca?" dependent, classic PKC), € (Ca?" independent,
novel PKC), « (atypical PKC), and w (also called PKD).
We also showed the absence of several isoforms in
coronary microvessels (PKC-B1, -2, and -3) previously
reported to be present in the whole heart (34) or in
smooth muscle cells from other vascular beds (31, 38).
The lack of a detectable immunoreactive signal for
PKC-3 is in agreement with previous work done on the
ferret aorta (38) but differs from the situation observed
in rat resistance mesenteric arteries (31). However, it
is worth noting that in the rat tissue, downregulation
of PKC-8 did not affect agonist-evoked contraction,
suggesting that this isoenzyme is not involved in the
contractile process (30). Because PKC-y is known to be
selectively expressed in neural (23, 41) tissues, we did
not assay our preparation for this specific isoenzyme.
Of note is the rather dramatic relative abundance of
the Ca%*-dependent PKC-a compared with the aorta, a
nonmyogenic vessel. Our results confirm the coexist-
ence of multiple isoforms of PKC in vascular smooth
muscle and show that the coronary microvessels and
the aorta of the ferret may represent two different
models of PKC regulation, with the aorta containing
relatively large amounts of PKC-g, relatively little
PKC-a, and hence, showing a Ca®"-independent PKC-
dependent contraction (3), whereas the microvessels
have a relatively high amount of PKC-a and little
PKC-¢ and hence show a Ca®"-dependent PKC-depen-
dent contraction.

The analysis of the PKC-mediated contraction
evoked by phorbol esters in this particular tissue
showed that the slowly developing contractile tone is
accompanied by a sustained increase in the cytosolic
Ca®" concentration. This Ca®" signal and the simulta-
neous contraction disappeared totally when extracellu-
lar Ca®" was removed. These observations are consis-
tent with the involvement of a Ca®*-dependent PKC,
which appears to be PKC-«, because 1) this particular
isoform is the only Ca®*-dependent member of the
PKC family found to be present in this tissue, and 2)
PKC-a is activated (as assayed by translocation) under
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these conditions. The contraction to depolarization in-
duced by elevated KCI concentration is also absolutely
dependent on extracellular Ca®*; however, the ratio of
the increase in Ca®" signal to that of the contraction
during a KCl depolarization contraction was signifi-
cantly larger than that evoked during the phorbol
contraction. The situation in the presence of the phor-
bol is often referred to as “an increase of the Ca®"
sensitivity” and has been described previously in many
vascular tissues stimulated with phorbol esters or
other agonists [reviewed by Horowitz et al. (13)] and in
some other microvessels (4, 37). Because the phorbol
ester contraction in this tissue is Ca?* dependent and
the application of a pressure step is associated with
PKC-a translocation, the results suggest that PKC
activation is linked to myogenic contraction. From the
studies presented here, the possibility also remains
that the PKC translocation and myogenic contraction
are separate, parallel effects. However, others using
pharmacological inhibitors have shown a dependence
of myogenic contractions on PKC activation (1, 10, 17,
22, 28, 32, 39-40).

If PKC-a translocation is indeed linked to coronary
microvessel contraction, the mechanism responsible
remains to be identified. Ca®* sensitization has been
linked with both thin filament regulation (7, 18, 20, 21)
and with MLC phosphatase inhibition (2). We mea-
sured an increase in MLC,, phosphorylation in these
microvessels upon an increase in pressure as have Zou
et al. (42). However, the magnitude of the increase in
MLC,, phosphorylation was quite small despite the
fact that active force must have been fairly large to
decrease the diameter of vessels pressurized to 100
mmHg beyond those of resting vessels at 40 mmHg.
Thus the data suggest that, in addition to the small
increase in MLC,, phosphorylation, other mechanisms
may well also contribute to the development of the
myogenic response.

Early work on myogenic tone from small arteries
carried out on cat middle cerebral vessels has revealed
that an increase in intraluminal pressure was associ-
ated with a membrane depolarization (8). Meininger
and colleagues (27) proposed a model in which pres-
sure-evoked activation of stretch-activated channels
would lead to Na™ entry that is able to elicit a mem-
brane depolarization (11). This would increase the
open probability of voltage-operated Ca®" channels
and would sustain an extracellular Ca®" entry that
would elicit a contraction. More recently, it was shown
that inhibition of the Ca®" entry through voltage-oper-
ated Ca?" channels with the Ca®" antagonist nifedi-
pine attenuated, but did not abolish, myogenic tone (5).
In addition, changes in intravascular pressure are now
known to implicate G protein and the subsequent phos-
pholipase C activation (33) that results in phosphati-
dylinositol-4,5-bisphosphate breakdown into inositol
1,4,5-trisphosphate (released in the cytosol where it
could release Ca2* from the intracellular stores) and
diacylglycerol (DAG). DAG is known to be an endoge-
nous activator of PKC. These results are consistent
with our results in that they implicate a role for a
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Ca®*-dependent isoform of PKC in the myogenic con-
traction of microvessels.

As mentioned above, we observed a biphasic modifi-
cation of Ca®" levels during the myogenic contraction.
During the first minute after the step increase in
pressure, the fura 2 signal rises, but after 5 min it
decreases to a level close to the basal value while the
myogenic tone is still sustained. The mechanism of the
decrease in Ca2" levels in the steady state is unknown,
but it is possible that the increased wall tension may
create a decreased stimulus for Ca®?" entry (6). The
relatively large elevation of Ca®" concentration ob-
served during the first minute of myogenic tone devel-
opment could clearly cause PKC-a translocation to the
plasma membrane where it could be further activated
by DAG. Furthermore, Khalil et al. (19) showed that,
upon addition of the a-agonist phenylephrine to cells of
the ferret portal vein, a cytosolic free Ca®" concentra-
tion not very different from the basal concentration
(200 nM vs. a resting concentration of 140 nM) is able
to maximally translocate PKC-a from the cytosol to the
membrane. This observation may account for the fact
that the myogenic tone would remain sustained even
when the Ca®" concentration returns to a value close to
control when pressure is <100 mmHg.

Thus, in summary, we have confirmed in the present
study that the myogenic contraction involves a Ca?"
sensitization of the contractile mechanism and, fur-
thermore, have provided evidence consistent with link-
ing this mechanism specifically to a role for the a-iso-
form of PKC.
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