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Abstract 

The pattern of protein kinase C isozyme expression in uterine smooth muscle and ventricular cardiac muscle was examined in 
ovariectomized rats pretreated with estradiol-1713 alone or with estradiol-1713 and progesterone. Protein kinase C isozyme expression was 
examined in membrane and cytosolic subcellular fractions by immunobtot analysis using antisera specific for ct, -¢, 131,132, ~, e, ~, and 0 
isozymes. All isozymes were detectable in positive control brain extracts. The predominant isozymes in the myometrium were ~ and 132 
while in the ventricle, 132 and ~ were the dominant forms. In unstimulated tissues, all isozymes except PKC-~, were predominantly found 
in the cytosolic compartment. Both estrogen and progesterone increased membrane-associated isozyme expression 35-125% in uterine 
muscle. Neither estrogen nor progesterone treatment significantly affected protein kinase C expression in cardiac muscle. These data 
suggest that estradiol, which increases uterine muscle hypertrophy and contractility, may exert these effects by increasing membrane-asso- 
ciated protein kinase C expression in a tissue-specific manner. 
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1. Introduct ion 

It is well established that smooth muscle contractility, 
including that of the uterus, is determined by the level of 
cytoplasmic free Ca 2÷. Stimulation of uterine cell mem- 
brane receptors by hormones, neurotransmitters, and growth 
factors results in an increase in intracellular messengers 
affecting intracellular Ca 2÷ levels. The signaling pathway 
that activates selective hydrolysis of  membrane inositol- 
containing phospholipids produces two such messengers, 
inositol 1,4,5-trisphosphate and diacylglycerol. Inositol 
1,4,5-trisphosphate acts to mobilize Ca 2+ from intra- 
cellular stores and diacylglycerol activates membrane-asso- 
ciated protein kinase C (Berridge, 1993). In smooth mus- 
cle, Ca 2+ mobilization and protein kinase C activation 
appear to function synergistically to regulate muscle con- 
tractility (Rasmussen et al., 1987). 

Activation of protein kinase C results in the transloca- 
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tion of inactive enzyme from the cytosolic compartment to 
the plasma membrane where it presumably exerts its physi- 
ologic effects. Protein kinase C activation in smooth mus- 
cle has been reported to phosphorylate neurotransmitter 
receptors and ion channels (Bouvier et al., 1987; Galizzi et 
al., 1987), inhibit guanine nucleotide-binding protein (re- 
ceptor signal transduction) activity (Katada et al., 1985), 
phosphorylate contractile filament proteins (Seto et al., 
1990), and increase the Ca 2+ sensitivity of  smooth muscle 
contractile apparatus (Laher et al., 1989). 

Molecular cloning has revealed that protein kinase C 
comprises a family of at least ten related Ca2+/phos  - 
pholipid-dependent ser ine / threonine  protein kinases 
(Nishizuka, 1989). These protein kinase C isozymes differ 
in their mode of activation, kinetic properties, substrate 
specificities, and tissue or cellular distributions. Based on 
cofactor requirements for activation, these isozymes have 
been classed into conventional (ct, 131,132, ",/), novel (~, e, 
"q, 0), and atypical (4, X) groups. Conventional protein 
kinase C isozymes depend on Ca 2~-, phospholipid, and 
diacylglycerol for activation. Novel isozymes lack a 
CaZ+-binding domain, and activation appears to be inde- 
pendent of Ca 2+. Activation factors for the atypical group 
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appear not to require either diacylglycerol or Ca 2+ 
(Nakanishi et al., 1993). 

The gonadal steroids, estrogen and progesterone, exert 
profound effects on uterine smooth muscle. Discrete 
changes in both plasma and uterine levels of these hor- 
mones have been implicated with a wide variety of physio- 
logic events affecting uterine contractility during preg- 
nancy and labor (Thorburn and Challis, 1979). In a previ- 
ous study, we reported that estrogen and progesterone 
regulate inositol phospholipid hydrolysis and presumably 
protein kinase C activation through the release of diacyl- 
glycerol in uterine smooth muscle (Ruzycky and 
Crankshaw, 1988). Recently, estrogen has been reported to 
increase levels of protein kinase C-~ in rabbit corpus 
luteum (Maizels et al., 1992). Little is currently known 
about the identity, abundance or functional specificity of 
protein kinase C isozymes in uterine smooth muscle. 

In the present study, we have examined the expression 
and cellular distribution of protein kinase C isozymes in 
ovariectomized animals exposed to defined endocrine envi- 
ronments similar to those found during pregnancy (pro- 
gesterone-dominated) and labor (estrogen-dominated). In 
addition, we have studied whether estrogen and proges- 
terone exert tissue selective effects on protein kinase C 
isozyme expression by comparing enzyme levels in uterine 
smooth muscle and cardiac muscle. 

2. Materials and methods 

2.1. Animals 

Virgin female Sprague-Dawley rats weighing 175-200 
g were purchased ovariectomized from Taconic (German- 
town, NY, USA). After a recovery period of at least 10 
days post surgery, animals were treated with estrogen or 
estrogen and progesterone. Animals referred to as 'estro- 
gen-dominated' were injected once every day with estra- 
dio1-1713 (200 p~g/kg s.c.) for 4 days, while 'pro- 
gesterone-dominated' animals received estradiol-17[3 and 
progesterone (200 ~ g / k g  and 20 mg/kg,  respectively) for 
an additional 4 days (Ruzycky et al., 1987). Control 
animals did not receive any injections. 

Twenty-four hours following the last hormone injection, 
animals were killed by decapitation. Both uterine horns 
were rapidly excised (0.5 cm from both the ovarian liga- 
tion and the uterine bifurcation) and placed in a physio- 
logic salt solution at 37°C of the following composition 
(raM): NaC1, 118; KCI, 4.7; MgC12, 1.1, CaCI 2, 1.8; 
NaHCO 3, 25; KH2PO 4, 1.0; and dextrose, 5.6. The uterine 
horns were carefully cleaned of surrounding fat and con- 
nective tissues and opened longitudinally along the mesen- 
teric border. The lumenal surface of the uterus was gently 
rubbed with a cotton swab to remove the endometrium. 
Cardiac tissue was similarly prepared. Atria were crudely 
dissected from ventricles and discarded. 

2.2, Preparation ~?f membrane and O, tosolic fractions 

Tissues collected from at least l0 animals per treatment 
group were pooled for preparation of subcellular fractions. 
Membrane fractions were prepared according to proce- 
dures previously described (Ruzycky et al., 1987) with the 
following modification. Tissues were homogenized in a 
buffer containing 50 mM Tris pH 7.4, 1 mM EDTA, 0.5 
p,g/ml leupeptin, 0.7 ~g /m l  pepstatin, and 20 p~g/ml 
phenylmethylsulfonyl fluoride, Membrane pellets were re- 
suspended in 50 mM Tris pH 7.4 and stored at -80°C 
until use. The cytosolic supematant was further concen- 
trated using a Centriprep concentrator with a 3000 molecu- 
lar weight cutoff (Amicon, Beverly, MA) to a protein 
concentration of at least 10 mg/ml  and stored at -80°C 
until use. 

2.3. Immunodetection ~?f protein kinase C 

Paired membrane and cytosolic fractions obtained from 
the same subcellular preparation (35 p~g/lane) were sub- 
jected to electrophoresis on sodium dodecyl sulfate-7.5% 
polyacrylamide minigels (Laemmli, 1970). Proteins were 
transferred electrophoretically onto nitrocellulose mem- 
branes for 24 min at 85 V. Nitrocellulose membranes 
(Nitrobind; Microseparations, Westborough, MA) were in- 
cubated with 10% goat serum/0.1% Tween for 1 h at 
room temperature to saturate non-specific binding sites. 
Nitrocellulose membranes were then incubated with 
isozyme-specific antiserum for 3 h. Isozyme-specific anti- 
bodies were used at the following dilutions: polyclonal 
anti-PKCc~, 1:5000; polyclonal anti-PKC% 1: 15000; 
polyclonal anti-PKC[31, 1: 6000; polyclonal anti-PKC[32, 
1:6000; polyclonal anti-PKC~, 1:500000; polyclonal 
anti-PKCe, 1: 2850; polyclonal anti-PKC~, 1: 8000; poly- 
clonal anti-PKC0, 1: 1000; monoclonal anti-PKCc~, 
1:1500; monoclonal anti-PKC~/, 1 : 1500. After three 
washes with 0.1% Tween, blots were incubated for 1 h 
with horseradish peroxidase-conjugated goat anti-rabbit 
(0.20 pA/ml) or anti-mouse antibodies (0.20 pA/ml). Pro- 
tein bands of interest were colorimetrically detected using 
a high sensitivity Enzygraphic Web (IBI, New Haven, CT, 
USA). Upon optimal reaction with the Enzygraphic Web, 
blots were immediately photographed using Polaroid type 
55 positive/negative film. Immunoreactive bands were 
quantitated from photographic negatives using a GS300 
scanning densitometer (Hoefer, San Francisco, CA, USA) 
interfaced to a personal computer. 

2.4. Materials 

Rabbit polyclonal antibodies (lgG fractions) directed 
against isozyme-specific carboxy terminal peptide se- 
quences of protein kinase C-s,  -% -[31, -[32, -8, -e, and -~ 
were purchased from Research and Diagnostic Antibodies 
(Berkeley, CA, USA). Polyclonal ant-PKC-0 was a gener- 
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ous gift of  Dr Amnon Altman (Baier et al., 1993). Mouse 
monoclonal antibodies directed against protein kinase C-~x, 
and -~/ were purchased from Seikagaku America (St. Pe- 
tersburg, FL, USA). Horseradish peroxidase-conjugated 
antiserum was purchased from BioRad Laboratories 
(Richmond, CA, USA). Other reagents were from standard 
commercial sources. 

o~ 

Convent iona l  PKC 

BS C M 

2.5. Data and statistical analysis [31 

All data are expressed as sample means _+ S.E.M. rela- 
tive to values obtained in control samples. Significant 
differences between sample means were analyzed by the 
two-tailed paired Student's t-test at the P < 0.05 level. 

Novel  PKC 

3. Results 

3.1. Protein kinase C i so~rm expression in rat uterus 

Membrane and cytosolic subcellular fractions of uterine 
muscle and heart ventricle were blotted and probed for the 
presence of protein kinase C-c~, -[31, -[32, -8, -8, -¢, and 
-0. Polyclonal antibodies generated against synthetic pep- 
tides corresponding to unique sequences of individual pro- 
tein kinase C isozymes (Table 1) were used to identify 
isoform expression in rat uterine tissue and heart ventri- 
cles. Protein samples from two different pooled prepara- 
tions (containing tissues derived from five to eight ani- 
mals) were assayed on three to six separate occasions. 
Specific isoform expression was confirmed on Western 
blots by comparison to immunoreactive staining of a sam- 
ple of  protein kinase C extracts derived from rat brain. The 
results of Western blot analyses of rat uterine subcellular 
fractions are presented in Fig. 1. 

To investigate the relative abundance of  all detected 
protein kinase C isozymes, tissue subcellular fractions 
were individually incubated with isozyme specific primary 
antibodies, washed, and then concurrently incubated with 
secondary antibody. The relative tissue abundance of pro- 

BS C M 

Atypical  PKC 

BS C M 
r 

Fig. 1. Western blots of protein kinase C isozymes in rat uterine smooth 
muscle membrane (M) and cytosolic subcellular fractions (C). BS, de- 
notes brain standard used as positive control. 

tein kinase C isozymes (defined as the sum of immuno- 
reactivity detected in membrane and cytosolic fractions) in 
rat uterine and heart tissue is presented in Table 2. These 
results show that the protein kinase C isozyme abundance 
profile is different between tissues, with the predominant 
species in the heart ventricle being protein kinase C-[32 
and -¢. The uterus exhibited protein kinase C-8 and -[32 as 
the most abundant species. In both tissues, the two pre- 
dominant isozymes accounted for greater than 50% of 
detected isozymes. 

Table 1 
Protein kinase C isozyme antigen sequences 

Isozyme Source Sequence Amino acid 
location 

c~ Rat 313-326 
'y Rat 306-318-Cys 
131 Rat 661-671 
132 Rat 660-673 
8 Rat 662-673 
e Rat 728-737 

Rat 480-492 
0 Human 311-398 

WAGNZKVISPSEDRRQC 
NYPLELYERVRTGC 
S YTNPEFVINV 
SFVNSEFLKPEVFS 
S FVNPKYEQFLE 
FSYFGEDLMP 
YINPLLSAEESV 
IFREGPVEIGLPCSIKNEARPPC 
LPTPGKREPQGISWESPLDEVD 
KMCHLPEPELNKERPSLQIKLK 
IEDFILHKMLGKGSFG KVFLA 

3.2. Subcelhtlar distribution o f  protein kinase C iso,~rms 

Physiologic activation of protein kinase C is thought to 
involve translocation of inactive enzyme from the cytoso- 
lic compartment to the plasma membrane. To investigate 
the subcellular distribution of protein kinase C isozymes as 
an indirect index of inherently activated enzyme (i.e. mem- 
brane-bound enzyme), equivalent amounts of protein from 
paired subcellular fractions derived from the same prepara- 
tion were immunoblotted. Protein kinase C isozyme lm- 
munoreactivity in membrane and cytosolic subcellular 
fractions is summarized in Table 3. Protein kinase C 
isozyme specific immunoreactivity was detected in both 
cytosolic and membrane fractions of rat uterus and heart. 
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Table 2 
Relative tissue abundance of detected protein kinase C isozymes in rat uterine and heart ventricle tissue collected from ovariectomized rats 

Tissue PKC-c~ PKC-y PKC-]31 PKC-[32 PKC-g PKC-e PKC-~ 

Mol. wt. (kDa) 76 76 78 77 83 77 74 
Uterus 6.0 _+ 0.7 8.5 _+ 1.0 3.9 _+ 0.4 18.2 _+ 4.6 46.3 _+ 0.9 6.5 _+ 1.9 10.6 + 1.9 
Ventricle 12.5 + 0.5 6.0 _+ 0.6 4.5 -+ 0.5 37.1 -+ 1.7 9.6 _+ 2.0 10.9 _+ 0.8 22.0 _+ 0.7 

Subcellular fractions were individually incubated with isozyme-specific antibodies separately. Following washes, individual nitrocellulose membrane strips 
were combined for incubation with secondary antibody and subsequent colorimetric development for immunoreactivity detection. Total tissue protein 
kinase C content was defined as total protein kinase C isozyme immunoreactivity detected in both membrane and cytosolic subcellular fractions. 

In general,  the amount  of  protein kinase C i sozyme im- 

munoreact iv i ty  was approximate ly  two fold greater  in ven-  

tricle than in uterine subcellular  fractions when  compared  

on a per mic rogram protein basis (data not shown). Protein 

kinase C-0 could  not be detected in cytosol ic  or  membrane  

fractions f rom either tissue or in control brain samples.  In 

the absence o f  any exogenous  activators,  classical protein 

kinase C i sozymes  (~x, % and [3) were found to be present  

in both membrane  and cytosol ic  fractions of  rat ventricle,  

with approximate ly  6 0 - 7 0 %  of  enzyme  in the cytosol ic  

compar tment .  S imi lar  immunoreac t iv i ty  was observed  us- 

ing monoclona l  antibodies directed against  protein kinase 

C-c~ and -'y i sozymes  (data not shown). Similar ly  the 

atypical ~ i sozyme and the novel  e i sozyme exhibi ted a 

5 0 - 7 0 %  distribution in the cytosol ic  compar tment .  This 

was in contrast  to the subceilular  distribution found for the 

novel  protein kinase C-~ which was predominant ly  found 

in the membrane  fraction with only 40% of  total detected 

enzyme  in the cytosol.  The  subcellular  distribution of  

protein kinase C i sozymes  was found to be qual i ta t ively 

similar  be tween uterine and cardiac tissue. 

3.3. Effect o f  estrogen and progesterone on protein kinase 

C isozyme expression 

To examine  the effect  of  es t rogen and proges terone  on 

the express ion and subcellular  distribution o f  protein ki- 

nase C isozymes,  paired membrane  and cytosol ic  fractions 

der ived f rom the same preparat ion were  immunoblot ted .  

For  each isozyme,  samples of  equivalent  protein amount  

(35 p~g) der ived f rom control,  estrogen-,  and proges-  

te rone-dominated  animals  were  compared  on the same 

Table 3 
Subcellular distribution of detected protein kinase C isozymes in rat 
uterine and heart ventricle tissue 

Tissue Subcellular distribution (percentage in membrane) 

PKC-cx PKC-~ PKC-[31 PKC-[32 PKC-8 PKC-e PKC-~ 

Uterus 11_+1 n.d. n.d. 9_+3 68_+7 15_+3 14_+1 
Ventricle 30_+5 42_+6 33_+7 23_+1 67+9 45_+5 28_+3 

Paired subcellular fractions collected from ovariectomized rats (35 ~zg 
protein) were subjected to SDS-PAGE and Western blot analysis. Data 
are presented in terms of percentage of protein kinase C isozyme detected 
in membrane fraction relative to total tissue immunoreactivity (as de- 
scribed in Table 2). n.d., not done. 

immunoblots .  Protein kinase C i sozyme content  in samples 

f rom control  tissue was assigned the value of  1.00 and 

used as a standard for compar i son  of  i sozyme levels  in 

subcellular  fractions from hormonal ly  treated animals.  

As depicted in Fig. 2, t reatment  of  ovar iec tomized  

animals  with 17[3-estradiol resulted in distinctly different  

patterns of  protein kinase C i sozyme expression in rat 

uterine and cardiac tissue. In rat ventr icle  fractions, mem-  

brane-associated and total protein kinase C i sozyme ex- 

pression was not s ignif icantly changed  as a result  of  

estrogen treatment  in v ivo  (Fig. 2B). In contrast,  es t rogen 

treatment  was associated with s ignif icantly increased ex- 

pression of  PKC isozymes  from all three groups (Fig. 2A). 

Abundance  
Relat ive to 

OVX Expression 

A. ?dyometr ium 

Protein Kinase C lsozyme 

[ ]  Membrane 

• Total 

B. Heart Ventricle 

2,5 

it =Momb . . . .  • Total 

Abundance 1. 

T 

@.S- 

O 
a y [31 [32 ~ E 

Fig. 2. Effect of in vivo 17/3-estradiol treatment on uterine (A) and 
cardiac (B) expression of protein kinase C isozymes in subcellular 
fractions. Ovariectomized animals were treated for 4 days with 17/3- 
estradiol as described in the text. Arbitrary densitometric units of 
immunoreactivity (expressed relative to levels detected in untreated ani- 
mals) are depicted. The means ± S.E.M. of three to five experiments are 
presented. Total expression refers to the sum of immunoreactivity in 
membrane and cytosolic subcellular fractions. Asterisks denote significant 
differences from expression in the absence of hormone treatment (P < 
0.05). 
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Abundance 
Relative to 

OVX Expression 
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Fig. 3. Effect of in vivo progesterone treatment on uterine (A) and cardiac 

(B) expression of protein kinase C isozymes in subcellular fractions. 

Ovariectomized animals were treated for 4 days with 17/3-estradiol 

followed by 4 days with 17,8-estradiol and progesterone as described in 

the text. Arbitrary densitometric units of immunoreactivity (expressed 

relative to levels detected in untreated animals) are depicted. The means 

_+S.E.M. of three to five experiments are presented. Total expression 

refers to the sum of immunoreactivity in membrane and cytosolic subcel- 

lular fractions. Asterisks denote significant differences from expression in 

the presence of estrogen treatment alone ( P  < 0.05). 

As total myometrial protein kinase C isozyme expression 
was generally unaffected by estrogen treatment (with the 
exception of the 8 isozyme), the additional expression of 
isozymes was limited to a preferential distribution in the 
myometrial membrane compartment. The increase in mem- 
brane-associated protein kinase C isozymes varied from 
35% for the ",/ isozyme to 125% for [32 and ~ isozymes. 

Similarly, progesterone treatment was associated with 
distinct tissue effects on the expression of protein kinase C 
isozymes (Fig. 3). As observed with estrogen treatment, 
progesterone did not significantly affect the expression or 
distribution of protein kinase C isozymes in the rat ventri- 
cle (Fig. 3B). In general, progesterone treatment was asso- 
ciated with more modest changes in protein kinase C 
isozyme expression. The most striking effect of proges- 
terone treatment was the significant decrease in the expres- 
sion of a minor protein kinase C isozyme, [31, to levels 
below that observed in the absence of any gonadal steroids 
(ovariectomized animals). Progesterone treatment was also 
associated with modest but significant increases in mem- 
brane-associated protein kinase C-o~ and -e levels, whereas 
total protein kinase 0[32 and -8 levels were also increased 
due to additional expression of this isozyme in the cytoso- 
lic compartment. 

4. Discussion 

In this study, we have examined the effects of estrogen- 
and progesterone-dominating states on the expression and 
distribution of protein kinase C isozymes in uterine smooth 
and cardiac muscles. It has long been recognized that these 
gonadal steroids exert profound changes on the uterus, 
including increased cellular hypertrophy and muscle con- 
tractility (Thorbum and Challis, 1979). Similarly, these 
hormones are becoming increasingly recognized as impor- 
tant regulators of cardiovascular function in women during 
pregnancy and prior to menopause (White et al., 1995). 

Protein kinase C has been implicated in signaling path- 
ways regulating the expression of muscle hypertrophy 
(Chien et al., 1991) and contractility (Rasmussen et al., 
1987). Many hypertrophic and contractile agonists stimu- 
late inositol phospholipid hydrolysis leading to intra- 
cellular production of diacylglycerol, the endogenous acti- 
vator of protein kinase C. Similarly, direct pharmacologic 
activation of protein kinase C by phorbol esters leads to 
development of muscle hypertrophy (Chien et al., 1991) 
and increased muscle contractility (Ruzycky and Morgan, 
1989). Moreover, isozyme specific redistribution of protein 
kinase C has been reported in vascular hypertrophy in vivo 
(Liou and Morgan, 1994). 

lsozymes of protein kinase C differ in their tissue 
expression, respective modes and kinetics of activation, 
intracellular proximity to activators and phosphorylation 
targets, apparent substrate specificity, and their sensitivity 
to down-regulation and proteolysis (Nishizuka, 1995). Al- 
though translocation of protein kinase C isozymes to the 
membrane compartment correlates with increased agonist- 
induced levels of diacylglycerol and enzyme activity (Bal- 
dassare et al., 1992), the role of the various isozymes of 
protein kinase C in the regulation of distinct cellular 
processes is not well understood. 

In an effort to assess the physiology of protein kinase C 
in uterine smooth muscle, the relative abundance and 
subcellular distribution of the various isozymes was ana- 
lyzed. Differences in titer and hybridization efficiencies of 
respective isozyme-specific antibodies make precise quan- 
titation of relative levels of individual isozymes technically 
difficult. However, by employing primary antibody con- 
centrations which exhibited similar immunoreactivity and 
simultaneous exposure of parallel samples of paired sub- 
cellular fractions to secondary antibody and developing 
reagents, a crude determination of tissue protein kinase C 
isozyme relative abundance was made. Under such condi- 
tions, the predominant protein kinase C species were the 8 
and 132 isozymes, constituting roughly 45% and 18%, 
respectively, of uterine smooth muscle protein kinase C. In 
contrast, the major protein kinase C isozymes in rat ven- 
tricular muscle were 132 (37% of total) and ~ (22% of 
total). It was not entirely surprising that the 0 isozyme was 
not detected in either tissue as this isoform has only been 
reported in hematopoietic cells (Baler et al.. 1993). 
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That these particular protein kinase species were most 
abundant in uterine smooth muscle may provide a window 
on the major intracellular targets of protein kinase C. 
Protein kinase C-[32 is known to associate with actin 
microfilaments (Tanaka et al., 1991; Goodnight et al., 
1995) suggesting that this isozyme may be important in the 
regulation of uterine contractility. In addition, protein ki- 
nase C-[3 activates the arachidonic acid cascade (Duyster 
et al., 1993) leading to the production of prostaglandins, 
which are potent stimulators of uterine contractions. In 
another steroid responsive tissue, the ovary, protein kinase 
C-g is associated with the activation of the mitogen- 
activated protein kinase cascade (Yamaguchi et al., 1995). 
As the uterus is known to undergo significant hypertrophy 
during pregnancy, this isozyme may be important in medi- 
ating myometrial protein synthesis associated with cellular 
hypertrophy. Previously, Rybin and Steinberg (1994) re- 
ported developmental changes (fetal and neonatal versus 
adult) in protein kinase C isozymes in the rat ventricular 
myocardium. 

Pharmacologic hormone replacement regimens in 
ovariectomized animals were used to provide a parallel to 
endocrine environments similar to those found during 
pregnancy (progesterone-dominating) and parturition 
(estrogen-dominating). Using these regimens, steroid- 
mediated uterine hypertrophy was observed as previously 
described (Ruzycky and Crankshaw, 1988). In both condi- 
tions, total uterine protein kinase C isozyme expression did 
not change significantly. However, most protein kinase C 
isozymes studied were preferentially redistributed to the 
myometrial membrane compartment. This effect of the 
steroid hormones was tissue-specific as similar effects in 
cardiac ventricular muscle were not observed. 

The increase in the membrane localization of protein 
kinase C isozymes in the absence of any direct uterine 
stimulants may be indicative of an estrogen-mediated re- 
modeling of the myometrium with increased basal protein 
kinase C activity. In the pituitary (Drouva et al., 1990) and 
mammary glands (Holladay and Bollander, 1986), chronic 
estrogen treatment has been shown to increase protein 
kinase C activity. As mentioned earlier, translocation of 
protein kinase C to the membrane compartment is associ- 
ated with increased protein kinase C enzymatic activity. 
These findings are consistent with previous studies of 
agonist-mediated inositol phospholipid metabolism and 
contractility suggesting increased activation of protein ki- 
nase C (Ruzycky et al., 1987). 

The association of myometrial hypertrophy with an 
increased estrogen-dependent activation of the mitogen- 
activated protein kinase cascade (Ruzycky, 1996) may 
explain the large increase in membrane-associated protein 
kinase C-~ levels with estrogen treatment. Protein kinase 
C-g, -e and -4 appear to be involved in hypertrophic 
responses, differing in their activation by mitogenic stim- 
uli. Protein kinase C-g is selectively activated by epider- 
mal growth factor in fibroblasts (Ohno et al., 1994) whereas 

protein kinase C-e is activated by the membrane lipid, 
phosphatidylinositol 3,4,5-trisphosphate (Nakanishi et al., 
1993). However, protein kinase C-i; interacts with the 
mitogenic switch protein, ras (Diaz-Meco et al., 1994). 
Under identical estrogen conditions, myometrial ras ex- 
pression and mitogen-activated protein kinase activity are 
elevated (Ruzycky, 1996) suggesting that the uterine hy- 
pertrophic response signals through protein kinase C-i;. 
The relative importance of protein kinase C-g and -e in the 
myometrial hypertrophic response are currently unknown 
and should not be discounted. In rat ovary cells, protein 
kinase C-g expression is the predominant protein kinase C 
isozyme increased by estrogen (Maizels et al., 1992). 

In conclusion, the present studies have established that 
gonadal steroids increase the expression of protein kinase 
C isozymes in rat uterine smooth muscle in a tissue-specific 
manner. The increase in enzyme expression results in a 
specific increase in membrane partitioning of protein ki- 
nase C isozymes which may indicate increased basal 
isozyme enzyme activity in these steroid-dominating envi- 
ronments. Membrane elevations in these isozymes is con- 
sistent with previous findings of increased hypertrophic 
signaling responses and increased uterine contractility. 

Acknowledgements 

We thank Dr Denise Cooper for providing brain protein 
kinase C samples. This work was supported by a grant 
from the Magee Womens Research Foundation. 

References 

Baier, G.D. Telford, L. Giampa, K.M. Coggeshall, G. Baier-Bitterlich, N. 
Isakov and A. Airman, 1993, Molecular cloning and characterization 
of PKC0, a novel member of the protein kinase C (PKC) gene family 
expressed predominantly in hematopoietic cells, J. Biol. Chem. 268, 
4997. 

Baldassare, J.J., P.A. Henderson, D. Burns, C. Loomis and GJ Fisher, 
1992, Translocation of protein kinase isozymes in thrombin-stimu- 
lated human platelets - correlation with 1,2-diacylglycerol levels, J. 
Biol. Chem. 267, 15585. 

Berridge, M.J., 1993, Inositol trisphosphate and calcium signalling, Na- 
ture 361, 315. 

Bouvier, M., L.M. Leeb-Lundberg, J.L. Benovic, M.G. Caron and R.J. 
Lefkowitz, 1987, Regulation of adrenergic receptor function by phos- 
phorylation. II. Effects of agonist occupancy on phosphorylation of 
alpha-I and beta-2 adrenergic receptors by protein kinase C and the 
cyclic AMP-dependent protein kinase, J. Biol. Chem. 262, 3106. 

Chien, K.R., K.U. Knowlton, H. Zhu and S. Chien, 1991, Regulation of 
cardiac gene expression during myocardial growth and hypertrophy: 
molecular studies of an adaptive physiologic response, FASEB J. 5, 
3037. 

Diaz-Meco, M.T., J. Lozano, M.M. Municio, E. Berra, S. Frutos, L. Sanz 
and J. Moscat, 1994 Evidence for the in vitro and in vivo interaction 
of ras with protein kinase C, J. Biol. Chem. 269, 31706. 

Drouva, S.V., I. Gorenne, E. Laplante, E. Rerat, A. Enjalbert and C. 
Kordon, 1990, Estradiol modulates protein kinase C activity in the rat 
pituitary in vivo and in vitro, Endocrinol. 126, 536. 



A.L. Ruro,cky. A. Kulick / European Journal qf Pharmacology 313 (1996) 257-263 263 

Duyster, J., H. Schwende. E. Fitzke, H. Hidaka and P. Dieter, 1993, 
Different roles of protein kinase C-{3 and -g in arachidonic acid 
cascade, superoxide formation and phosphoinositide hydrolysis, 
Biochem. J. 292, 203. 

Galizzi, J.P., J. Qar, M. Fosset, C. VanRenterghem and M. Lazdunski, 
1987, Regulation of calcium channels in aortic muscle cells by protein 
kinase C sctivators (diacylglycerol and phorbol esters) and by pep- 
tides (vasopressin and bombesin) that stimulate phosphoinositide 
breakdown, J. Biol. Chem., 262, 6947. 

Goodnight, J,, H. Mischak, W. Kolch and J.F. Mushinski, 1995, Immuno- 
cytochemical localization of eight protein kinase C isozymes overex- 
pressed in NIH 3T3 fibroblasts - lsoform-specific association with 
microfilaments, golgi, endoplasmic reticulum, and nuclear and cell 
membranes, J. Biol. Chem, 270, 9991. 

Holladay, C.S. and F.F. Bollander, 1986. Hormonal regulation of protein 
kinase C in the mouse mammary gland, Proc. Soc. Exp. Biol. Med. 
183. 343. 

Laemmli. U., 1970, Cleavage of structural proteins during the assembly 
of the head of bacteriophage T4, Nature 227. 680. 

Laher. I.. P. Vorkapic, A.L. Dowd and J.A. Bevan, 1989, Protein kinase 
C potentiates stretch-induced cerebral artery tone by increasing intra- 
cellular sensitivity to Ca -'+, Biochem. Biophys. Res. Commun. 165, 
312. 

Liou, Y.M. and K.G. Morgan. 1994, Redistribution of protein kinase C 
isoforms in association with wlscular hypertrophy of rat aorta, Am. J. 
Physiol. 267, C980. 

Katada, T., A.G. Gilman. Y. Watanabe, S. Bauer and K.H. Jacobs, 1985, 
Protein kinase C phosphorylates the inhibitory guanine-nucleotide- 
binding regulatory component and apparently suppresses its function 
in hormonal inhibition of adenylate cyclase, Eur. J. Biochem. 151, 
431. 

Maizels, E.T., J.B. Miller, R.E. Cutler, Jr., V. Jackiw, E.M. Carney, K. 
Mizuno, S. Ohno and M. Hunzicker-Dunn, 1992, Estrogen modulates 
Ca2+-independent lipid-stimulated kinase in the rabbit corpus luteum 
of pseudopregnancy - identification of luteal estrogen-modulated 
lipid-stimulated kinase as protein kinase C8, J. Biol. Chem. 267, 
17061. 

Nakanishi, H., K.A. Brewer and J.H, Exton, 1993, Activation of the 
isozyme of protein kinase C by phosphatidylinositol 3,4,5-triphos- 
phate, J. Biol. Chem. 268, 13. 

Nishizuka, Y., 1989, The family of protein kinase C for signal transduc- 
tion, J. Am. Med. Assoc. 262, 1826. 

Nishizuka. Y., 1995. Protein kinase C and lipid signaling for sustained 
cellular responses, FASEB J. 9, 484. 

Ohno, S., K. Mizuno, Y. Adachi, A. Hata, Y. Akita, K. Akimoto, S. 
Osada, S. Hirai and K. Suzuki, 1994, Activation of novel protein 
kianses C8 and Ce upon mitogenic stimulation of quiescent rat 3Y1 
fibroblasts, J. Biol. Chem. 269. 17495. 

Rasmussen, H., Y. Takuwa and S. Park, 1987, Protein kinase C in the 
regulation of smooth muscle contraction, FASEB J. 1, 177. 

Ruzycky. A.L., 1996, Effects of 17[3-estradiol and progesterone on 
mitogen-activated protein kinase expression and activity in rat uterine 
smooth muscle, Eur. J. Pharmacol. 300, 247. 

Ruzycky, A.E. and D.J. Crankshaw, 1988, Role of inositol phospholipid 
hydrolysis in the initiation of agonist-induced contractions of rat 
uterus: effects of domination by 17[3-estradiol and progesterone, Can. 
J. Physiol. Pharmacol. 66, 10. 

Ruzycky, A.L. and K.G. Morgan, 1989. Involvement of protein kinase C 
system in calcimn-force relationships in ferret aorta. Br. J. Pharmacol. 
97, 391. 

Ruzycky. A.E., D.J. Crankshaw and D.J. Triggle, 1987, Ca ~* channel 
ligand activities in uterine smooth muscle: influence of hormonal 
status, Can. J. Physiol. Pharmacol. 65, 2085. 

Rybin. V.O, and S.F. Steinberg, 1994, Protein kinase C isoform expres- 
sion and regulation in the developing rat heart, Circ. Res. 74, 299. 

Seto, M., Y. Sasaki and Y. Sasaki, 1990. Alteration in the myosin 
pho~phorylation pattern of smooth muscle by phorbol ester. Am. J. 
Physiol. 259, C769. 

Tanaka. S., M. Tominaga, I. Yasuda. A. Kishimoto and Y. 
Nishizuka,1991, Protein kinase C in rat brain synaptosomes - 131I-sub- 
species as a major isoform associated with membrane-skeleton ele- 
ments, FEBS Lett. 294, 267. 

Thorburn, G.D. and J.R.G. Challis, 1979. Endocrine control of parturi- 
tion. Physiol. Rev. 59, 863. 

White. M.M., S. Zamudio, T. Stevens, R. Tyler. J. kindenfeld, K. Leslie 
and L.G. Moore, 1995, Estrogen, progesterone, and vascular reactiv- 
ity: potential cellular mechanisms, Endocrinol. Rev, 16, 739. 

Yamaguchi. K.. K. Ogita, S. Nakamura and Y. Nishizuka, 1995, The 
protein kinase C isotk~rms leading to MAP-kinase activation in CHO 
cells. Biochem. Biophys. Res. Commun. 210, 639. 


