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Abstract

Cardiac myocytes coexpress multiple protein kinase C
(PKC) isoforms which likely play distinct roles in signaling
pathways leading to changes in contractility, hypertrophy,
and ischemic preconditioning. Although PKC has been re-
ported to be activated during myocardial ischemia, the ef-
fect of ischemia/hypoxia on individual PKC isoforms has
not been determined. This study examines the effect of hy-
poxia on the subcellular distribution of individual PKC iso-
forms in cultured neonatal rat ventricular myocytes. Hy-
poxia induces the redistribution of PKCa and PKCe from
the soluble to the particulate compartment. This effect (which
is presumed to represent activation of PKCa and PKCe)
is detectable by 1 h, sustained for up to 24 h, and revers-
ible within 1 h of reoxygenation. Inhibition of phospholipase
C with tricyclodecan-9-yl-xanthogenate (D609) prevents
the hypoxia-induced redistribution of PKCa and PKCe,
whereas chelation of intracellular calcium with 1,2-bis(2-
aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid (BAPTA)
blocks the redistribution of PKCa, but not PKCe; D609 and
BAPTA do not influence the partitioning of PKCa and
PKCe in normoxic myocytes. Hypoxia, in contrast, de-
creases the membrane association of PKCS via a mecha-
nism that is distinct from the hypoxia-induced transloca-
tion/activation of PKCa/PKCe, since the response is slower
in onset, slowly reversible upon reoxygenation, and not
blocked by D609 or BAPTA. The hypoxia-induced shift of
PKC3 to the soluble compartment does not prevent subse-
quent 4-f3 phorbol 12-myristate-13-acetate-dependent trans-
location/activation of PKC3. Hypoxia does not alter the
abundance of any PKC isoform nor does it alter the subcel-
lular distribution of PKCA. The selective hypoxia-induced
activation of PKC isoforms through a pathway involving
phospholipase C (PKCa/PKCe) and intracellular calcium
(PKCo) may critically influence cardiac myocyte contractil-
ity, gene expression, and/or tolerance to ischemia. (J. Clin.
Invest. 1997. 99:55-61.) Key words: protein kinase C « hy-
poxia « cardiac myocytes
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Introduction

Protein kinase C (PKC)! is an important component of the sig-
nal transduction pathway used by cells to respond to a variety
of extracellular stimuli (1). PKC has been implicated in the
regulation of contractile function, gene expression, and/or tol-
erance to ischemia in cardiac tissue (2). However, the precise
identity of the PKC species that mediate these functions re-
mains uncertain, since several PKC isoforms are coexpressed
by cardiac myocytes. For example, neonatal rat ventricular
myocytes express at least one conventional PKC isoform
(PKCa) which is activated by calcium, phosphatidylserine, and
diacylglycerol (DAG)/phorbol esters, two novel PKC isoforms
(PKC3 and PKCe) which are activated by phosphatidylserine
and DAG/phorbol esters (but do not require calcium for maxi-
mal enzyme activation), and one atypical PKC isoform (re-
cently identified as PKC\, rather than PKC{ [3]) which is acti-
vated by phosphatidylserine (but not by calcium or DAG/
phorbol esters [4-9]). Apart from differences in their cofactor
requirements for enzymatic activation, these PKC isoforms
target to distinct subcellular loci (including the perinuclear
membrane, cytoskeleton, and myofibrillar apparatus [6]) and
are presumed to differ in their in vivo substrate specificity.
There is growing evidence that individual components of
the phosphoinositol lipid signaling pathway that result in PKC
activation can be influenced by hypoxia/ischemia and/or reper-
fusion. For example, ischemic and/or hypoxic insults have
been reported to lead to increased a-adrenergic receptor den-
sity in cat, dog, guinea pig, and rat myocardium (10-14). In the
ischemic canine myocardium, the increase in a;-adrenergic
receptor density is associated with enhanced inositol trisphos-
phate (IP;) accumulation (15). Hypoxia also enhances receptor-
dependent phosphoinositide hydrolysis in cultured neonatal
rat ventricular myocytes (16). However, in this system, the ef-
fects of hypoxia are confined to components of the signaling
pathway distal to the receptor, since hypoxia does not detect-
ably alter o;-receptor density (16, 17). While perturbations
that lead to increased inositol phosphate accumulation are an-
ticipated to be associated with enhanced DAG formation,
which would stimulate PKC, to the best of our knowledge the
effects of hypoxia on DAG have not been described. Never-
theless, there is recent evidence that ischemia induces the
translocation of PKC enzyme activity from the soluble to the
particulate fraction of rat ventricular myocardial tissue via an
a;-receptor—independent pathway (18). While this is presumed
to represent ischemia-induced activation of PKC, there is a
paucity of information on the effects of ischemia/hypoxia on
individual PKC isoforms (19). Accordingly, the goal of the
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present study was to determine whether the hypoxic compo-
nent of an ischemic insult modulates individual PKC isoforms
and explore the mechanism(s) underlying this phenomenon.

Methods

Preparation of cultured neonatal rat ventricular myocytes. Cardiac myo-
cytes were isolated from the ventricles of 2-d-old Wistar rats by a
trypsin dispersion procedure and were plated at a density of 0.5 X 10°
cells/ml (10 ml/dish) onto 100-mm culture dishes and cultured in
MEM containing 5 X 107® M hypoxanthine and 12 mM NaHCO; sup-
plemented with 10% fetal calf serum according to a protocol de-
scribed previously (20). Although the culture technique includes a
preplating step that effectively decreases fibroblast contamination, it
is well known that small numbers of cells with proliferative capability
such as cardiac fibroblasts persist in the myocardial cell cultures. Pro-
liferation of these cells was further curtailed with an irradiation pro-
tocol (21).

The cultures were exposed to chronic hypoxia as described previ-
ously with one minor modification (16). The previous study used an
anaerobic chamber that was designed to rapidly consume O, and
thereby maintain minimal oxygen levels. This study used a modified
version of that chamber which affords more flexibility in its control of
the gas environment. The chamber is an airtight vinyl glove box
equipped with an automated oxygen controller; the oxygen controller
continuously senses oxygen and regulates an automated valve system
which regulates gas inflow and functions to maintain a preset atmo-
spheric oxygen level (Coy Lab Products, Grass Lake, MI). In all other
respects, chamber design is similar to that previously used. Cultures
enter the hypoxia chamber through an airlock transit chamber that is
purged with a CO,/N, gas mixture to reestablish an hypoxic atmo-
sphere. In this fashion, cultures are subjected to the preset hypoxic
environment immediately upon entry into the chamber. Within the
hypoxia chamber, cells are maintained in a humidified atmosphere at
37°C. Experiments are carried out to completion in the apparatus,
without reexposure to ambient air.

Experimental protocols were initiated by placing cultures, 4 d af-
ter isolation, into the hypoxia chamber (set to 1.2% O,, with 5% CO,
and the balance N,) or a standard cell culture incubator maintained at
normal atmospheric O, (with 5% CO,). In preliminary experiments,
we demonstrated that the pO, of the culture medium drops to ~ 45
mmHg at 30 min, ~ 20 mmHg at 1 h, and then stabilizes at this level
thereafter. The cultures tolerate the hypoxic environment well. We
previously reported that there is no detectable evidence of cell death,
based on Trypan blue exclusion or intracellular lactate dehydroge-
nase release (16). Further evidence that the hypoxic stress used in this
study is not associated with any significant metabolic, structural, or
functional damage to the cells comes from the observation that the
myocytes continue to beat for up to 6-8 h in the hypoxia chamber; al-
though spontaneous contractile activity tends to cease with longer in-
tervals in the hypoxia chamber, it resumes promptly (within 1-2 min)
upon reexposure to ambient atmosphere and grossly remains stable
for the ensuing 24 h.

Protein extraction. The subcellular distribution of PKC isoforms
in cell fractions was determined as described previously with minor
modifications (4). Briefly, ventricular myocyte cultures were washed
with phosphate buffered saline and then immediately lysed in 0.4 ml
ice-cold homogenization buffer (20 mM Tris-HCl, pH 7.5, 2 mM
EDTA, 2 mM EGTA, 6 mM B-mercaptoethanol, 50 pwg/ml aprotinin,
48 pg/ml leupeptin, 5 wM pepstatin A, 1 mM phenylmethylsulfonyl
fluoride, 0.1 mM sodium vanadate, and 50 mM NaF), sonicated, and
centrifuged at 100,000 g for 1 h. The supernatant was removed (solu-
ble fraction) and the pellet was resuspended in 0.2 ml homogeniza-
tion buffer containing 1% Triton X-100 to solubilize particulate pro-
teins. After shaking on ice for 30 min, Triton X-100 insoluble proteins
were removed by centrifugation at 10,000 g for 10 min, and the super-
natant (which contains virtually all of the membrane associated PKC
isoforms, but only ~ two thirds of the original cell pellet protein) was
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saved (particulate fraction). It is important to note that total protein
recovery from normoxic and hypoxic cultures was identical (98380
and 807x84 pg/dish, respectively; n = 14, NS). Moreover, the parti-
tioning of protein to the soluble and particulate fraction was identical in
normoxic and hypoxic cultures (i.e., the soluble fraction constituted
22.1%+1.7 and 24.3%+2.7% of total cell protein and the Triton X-100
soluble particulate fraction constituted 49.2+3.4 and 52.4*+5.8% of
total cell protein in normoxic and hypoxic cultures, respectively, NS).

Immunoblot analysis. Samples were electrophoresed on an 8%
SDS-polyacrylamide gel and transferred to nitrocellulose. Prestained
molecular weight markers were electrophoresed in parallel. After an
incubation in 5% dry milk, 50 mM Tris, pH 7.5, 200 mM NacCl, and
0.1% Triton-X 100, (blocking buffer I) for 1 h at room temperature to
block nonspecific binding, the nitrocellulose was probed with primary
PKC isoform specific antisera. The four PKC isoform-specific anti-
sera used in this study include a monoclonal anti-PKCa antibody and
three polyclonal antisera generated against synthetic peptides corre-
sponding to the carboxyl-terminal variable regions of PKC3, PKCe,
and PKC{. However, it should be noted that our recent studies estab-
lish that the identity of the protein recognized by the anti-PKC{¢ anti-
serum (which is known to cross-react with other aPKC isoforms [22,
23]) is PKC\ (3). The monoclonal anti-PKCa antibody was used at a
1:500 dilution in 1% bovine serum albumin, 50 mM Tris-HCI, pH 7.5,
200 mM NacCl, and 0.02% NaNj; overnight at 4°C. The polyclonal an-
tisera were used at a 1:500 dilution in 3% bovine serum albumin, 50
mM Tris, pH 7.5, 200 mM NacCl, 0.1% Triton-X 100, and 0.02% NaNj;
overnight at 4°C. The nitrocellulose was washed five times, 5 min each,
with 50 mM Tris, pH 7.5, 200 mM NaCl, 2% NP-40, and incubated in
the same buffer containing 5% dry milk (blocking buffer IT) for 30
min at room temperature. To detect bound primary antibody, blots
were incubated for 1 h at room temperature with '>’I-labeled F(ab’),
fragments of the second antibodies (goat anti-rabbit IgG F(ab'), and
sheep anti-mouse IgG F(ab'), fragments for polyclonal and mono-
clonal primary antibodies, respectively) at a final dilution of 0.25 nCi/
ml in blocking buffer II. The nitrocellulose was washed seven times
as described above, dried, and autoradiographed with X-AR film
(Eastman Kodak Co., Rochester, NY) with intensifying screens at
—70°C. The specificity of the immunoreactive proteins identified as
PKC was established previously (4). The relative abundance of indi-
vidual proteins identified was quantified using a Phosphorlmager
44581 (Molecular Dynamics Inc., Sunnyvale, CA). Preliminary studies
established that the radioactivity associated with each PKC isoform in-
creased linearly with loading of increased amounts of sample protein.

Diacylglycerol assay. The lipid phase of a Bligh-Dyer extract was
prepared as described previously (24) and the mass of DAG was as-
sayed using a protocol which measures the quantitative conversion of
DAG to phosphatidic acid catalyzed by the Escherichia coli DAG
kinase enzyme (Amersham Corp., Arlington Heights, IL).

Materials. Polyclonal antibodies against PKC8 and PKC{ were
purchased from Gibco-BRL (Grand Island, NY) and the monoclonal
antibody against PKCa was purchased from Upstate Biotechnology
Inc. (Lake Placid, NY). Polyclonal anti-PKCe was the generous gift of
Dr. Doriano Fabbro (Ciba Geigy, Basel, Switzerland) (25). '»I-labeled
goat anti-rabbit IgG F(ab’), fragment, '*I-labeled sheep anti-mouse
IgG F(ab’), fragment, and [y-*P]ATP (3,000 Ci/mmol) were pur-
chased from DuPont NEN (Boston, MA). PMA was purchased from
Sigma Chemical Co. (St. Louis, MO). All other chemicals were re-
agent grade.

Statistical analysis. Data are presented as mean*SEM. Statistical
comparisons were made using Student’s ¢ test for paired observations
or two-way ANOVA as indicated. Significance was defined at the
P < 0.05 level.

Results

Hypoxia induces specific alterations in the subcellular distribu-
tion of PKC isoforms. The first experiments were designed to
determine whether hypoxia alters the subcellular distribution
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Figure 1. Hypoxia alters the subcellular distribution of PKC iso-
forms. Soluble and particulate fractions were prepared from nor-
moxic myocytes and myocytes subjected to hypoxia for the indicated
time intervals. Fractions (50 pg/lane) were resolved by SDS-PAGE,
transferred to nitrocellulose, and probed with the indicated antisera.
The arrows identify specific immunoreactive bands representing
PKCa (78 kD), PKCe (96 kD), and PKC3 (73 kD). Data are from a
single time course and are representative of results obtained in three
separate culture preparations. Positions of the molecular mass stan-
dards (in kilodaltons) are indicated on the right.

of individual PKC isoforms. Our previous studies established
that these cultures express PKCa, PKC3, PKCe, and PKCA.
Accordingly, immunoblot analyses with antibodies that dis-
criminate between these PKC isoforms were performed on
soluble and particulate fractions of normoxic and hypoxic cul-
tured neonatal rat ventricular myocytes.

Figs. 1 and 2 demonstrate that PKCa preferentially parti-
tions to the soluble fraction of normoxic myocytes, whereas
PKC38 and PKCe associate with the particulate compartment
of the cell even in the absence of PKC activators. Exposure to
an hypoxic environment results in the translocation of PKCa
and PKCe from the soluble to the particulate compartment of
the cell. Fig. 1 shows that the hypoxia-induced redistribution of
PKCa and PKCe is fully evident by 1 h and is persistent for at
least 24 h; Fig. 2 shows that the effect is reversible within the
first hour of reoxygenation. While pO, falls rapidly and pro-
gressively when cultures are placed in the hypoxia chamber,
profound hypoxia is established only between 0.5-1 h in the
chamber. This argues that the hypoxia-induced translocation
of PKCa and PKCe is likely to be induced by relatively short
intervals of profound hypoxia or at lower levels of oxygen dep-
rivation.

Hypoxia exerts a different effect on PKC3. This PKC iso-
form preferentially partitions to the particulate fraction of nor-
moxic cells. Hypoxia results in the redistribution of PKC3 to
the soluble fraction (Fig. 1). The effect of hypoxia to decrease
the membrane association of PKC3 is detectable in most ex-
periments by 1 h of hypoxia. However, this represents a sub-
maximal response as progressive redistribution to the soluble
fraction occurs for at least another 23 h. Moreover, while the
hypoxia-induced redistribution of PKCS is reversible with re-
oxygenation, the return of PKC3 immunoreactivity to the par-
ticulate fraction occurs following a lag of several hours (Fig. 2).
Thus, the kinetics of the hypoxia/reoxygenation-induced alter-
ations in the subcellular distribution of PKCa/PKCe (to the

» @
59* 3 Reoxygenation (hrs) 6°°+ 6‘(.\" Reaxygenation (hrs)
& 1 2 4 ! & & 2 4
PKCg ~ "R OSSN - - G — o—

@

hig
439* 3  Reoxygenation (hrs) ‘g\\@E 04;'0 Reoxygenation (hrs)
4 —_— —
& W 4 8 24 & &3 8 24

PKCO

. o — = R e e ——

Soluble Particulate

Figure 2. The hypoxia-dependent redistribution of PKC isoforms re-
verses with reoxygenation. Soluble and particulate fractions were
prepared from normoxic myocytes, myocytes subjected to hypoxia
for 24 h, and myocytes subjected to hypoxia for 24 h followed by re-
oxygenation for the indicated time intervals. Fractions (50 pg/lane)
were resolved by SDS-PAGE, transferred to nitrocellulose, and
probed with the indicated antisera. The arrows identify specific im-
munoreactive bands representing PKCa, the 96-kD species of PKCe,
and PKCa. It should be noted that hypoxia also increases the abun-
dance of a smaller soluble 76-kD protein which is specifically recog-
nized by the PKCe-specific antiserum (it is blocked by preincubation
of the antiserum with peptide antigen, see Fig. 1 of reference 4). As
previously reported, this immunoreactive species resides exclusively
in the soluble compartment and does not undergo translocation or
down-regulation in response to PMA (4). The magnitude of the hy-
poxia-induced increase in the abundance of the 76-kD PKCe immu-
noreactive species is quite variable; The effect is modest in cultures
that contain ample immunoreactivity in normoxia (see Fig. 1),
whereas it is quite pronounced in cultures that express low levels of
this immunoreactive species in normoxia (see this figure). Separate
studies indicate that the considerable culture-dependent variability in
the expression of this PKCe immunoreactive species can be attrib-
uted, at least in part, to serum components in the culture medium and
that this protein is devoid of protein kinase C enzyme activity (data
not shown). The physiologic significance of the regulated expression
of this protein in cardiac myocytes currently is uncertain. Data are
from a single experiment and are representative of results obtained in
three separate culture preparations.

particulate fraction) and PKC3 (to the soluble fraction) are
quite distinct, suggesting that these events are mediated by dis-
tinct mechanisms.

The results of a series of separate experiments are quanti-
fied in Fig. 3. Hypoxia significantly decreases the abundance of
PKCa and PKCe in the soluble fraction, while it increases the
abundance of PKCS3 in the soluble fraction. It should be noted
that for each PKC isoform, changes in immunoreactivity in the
soluble fraction were balanced by reciprocal changes in immu-
noreactivity in the particulate fraction. This suggests that
hypoxia induces the subcellular redistribution of PKC iso-
forms, rather than a change in their abundance. However,
there is evidence that the calcium-dependent proteases .- and
m-calpain are activated as a result of calcium influx during is-
chemia and reperfusion (26). Since cPKC and nPKC isoforms
are in vitro substrates for calpain-dependent proteolysis (27),
we examined whether hypoxia results in the formation of
smaller catalytic fragments of PKC. In separate immunoblot-
ting experiments, the entire molecular weight range of proteins
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Figure 3. Quantitation of the hypoxia-induced redistribution of PKC
isoforms. Immunoblot analysis on soluble and particulate fractions of
normoxic myocytes and myocytes exposed to hypoxia for 24 h were
quantified using a PhosphorImager. Calculations of the amount of
each PKC isoform that resides in the soluble and particulate fractions
take into account the twofold greater recovery of protein in the par-
ticulate fraction than in the soluble fraction. PKC isoform immunore-
activity that partitions to the soluble fraction is expressed as the per-
centage of the calculated total PKC isoform immunoreactivity in each
preparation (which did not differ between normoxic and hypoxic cul-
tures). Data represent the mean+=SEM from 14 experiments on sepa-
rate culture preparations. For each PKC isoform, the hypoxia-
induced redistribution was highly significant (P < 0.0001 for PKCa
and PKC3; P < 0.005 for PKC3).

was probed for individual PKC isoform immunoreactivity. No
catalytic fragments of PKC were detected in the hypoxic sam-
ples (data not shown). Moreover, separate experiments on
whole cell extracts from normoxic and hypoxic myocytes dem-
onstrated that hypoxia does not detectably alter the abun-
dance of any PKC isoform (data not shown). Thus, redistribu-
tion appears to completely account for the observed changes
in PKC isoform abundance in the soluble and particulate com-
partments. Separate experiments also established that hypoxia
does not influence the subcellular distribution or the abun-
dance of PKCA (data not shown).

PKC isoform activation in hypoxic myocytes. Given the
observation that hypoxia leads to a decrease in the membrane
association of PKC3, we next considered the possibility that
the intracellular structure(s) required for PKC3 binding is so
disrupted by hypoxia, that phorbol ester-induced translocation
to the particulate fraction is no longer possible. Fig. 4 shows
that this is not the case. Incubation with PMA results in the
rapid and complete translocation of PKC3 to the particulate
fraction. A short exposure to PMA results in the complete
translocation of soluble PKCa and PKCe to the particulate
compartment and prolonged stimulation with PMA leads to
comparable complete (PKCa and PKC3) or substantial (PKCe)
down-regulation of PKC in both normoxic and hypoxic myo-
cytes. These results suggest that the hypoxia-induced redistri-
bution of PKC isoforms does not lead to any gross changes in
PMA-stimulated activation and/or down-regulation of PKC.

58  Goldberg et al.

Normoxia Hypoxia
—> - - Soluble
PKCo
- p— -— Particulate
g Soluble
PKCe
Particulate
o — - — -
— . Soluble
PKCS 7 I
i “ e — Particulate
PMA({hr): 0O 5 24 Q 5 24

Figure 4. PMA-dependent activation of PKC in normoxic and hy-
poxic myocytes. Soluble and particulate fractions were prepared from
myocytes that were cultured without PMA or with 1 uM PMA for 30
min or 24 h. In hypoxic myocytes, treatment with PMA occurred dur-
ing the entire or the final 30 min of the 24-h hypoxic exposure. Sam-
ples (40 pg/lane) were subjected to SDS-PAGE, transferred to nitro-
cellulose, and probed with the indicated antisera as described in
Methods. Arrows identify specific PKC immunoreactivity. Results
are from a single experiment and are representative of data from
three separate culture preparations.

The role of phospholipase C and calcium in the hypoxia-
induced translocation of PKC isoforms. An effect of hypoxia
to induce the translocation of PKC could be due to an hy-
poxia-induced increase in intracellular DAG. Indeed, the hy-
poxic stress used in this study leads to a 46% increase in the
concentration of DAG (from 86.7%6.3 to 126.7+5.0 pmol/
35-mm dish, n = 8, P < 0.05). To determine whether the activa-
tion of phospholipase C and the generation of DAG underlies
the hypoxia-induced redistribution of PKC isoforms, we used
the antiviral and antitumoral xanthate compound tricyclode-
can-9-yl-xanthogenate (D609). This drug inhibits phosphati-
dylcholine-specific phospholipase C in in vitro and in vivo as-
say systems (28, 29). While D609 reportedly does not inhibit
the activity of purified phosphatidylinositol-4,5-bisphosphate-
specific phospholipase C in an in vitro assay system (under con-
ditions where phosphatidylcholine-specific phospholipase C is
inhibited [29]), we and others have shown that D609 inhibits
agonist- or stretch-dependent activation of phosphatidylinosi-
tol-specific phospholipase C in vivo in neonatal rat ventricular
myocytes (30, 31). D609 completely blocks the hypoxia-induced
increase in DAG (85.1=3.2 pmol/35-mm dish). While D609
does not alter the subcellular distribution of PKCa and PKCe
in normoxic myocytes, it blocks the translocation of PKCo and
PKCe to the particulate fraction in hypoxic myocytes (Fig. 5).
The further observation that D609 does not prevent PMA-
dependent translocation of PKCa and PKCe to the particulate
fraction (data not shown) argues that inhibition of the hy-
poxia-induced translocation of PKC by D609 is specific, and
not due to a nonspecific toxic effect of the drug. D609 does not
influence the subcellular distribution of PKC8 in normoxic
myocytes and does not prevent the redistribution of PKC3 to
the soluble fraction in hypoxic myocytes (data not shown).

We next considered the possibility that the hypoxia-induced
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Figure 5. D609 inhibits the hypoxia-dependent redistribution of
PKCa and PKCe. Myocytes grown for 4 d in a normoxic incubator,
preincubated for 12 h with vehicle or D609 (100 wM) in the normoxic
environment, and then maintained in the normoxic incubator or
transferred to the hypoxia chamber for an additional 4 h in the ab-
sence or continued presence of D609. Soluble and particulate frac-
tions were prepared, subjected to SDS-PAGE, transferred to nitro-
cellulose, and probed with the anti-PKC isoform specific antisera as
described in Methods. The results represent the mean*SEM for data
from three determinations from separate culture preparations. Hy-
poxia resulted in a significant decrease in PKCa and PKCe in the sol-
uble fraction (P < 0.05). D609 did not alter the subcellular distribu-
tion of PKCa and PKCe in normoxia. For both PKCa and PKCe,
D609 blocked the hypoxia induced fall in immunoreactivity in the sol-
uble fraction (P < 0.05).

redistribution of PKC isoforms may result from changes in in-
tracellular calcium. To determine whether PKC isoforms re-
distribute as a result of a calcium-dependent pathway, cells
were incubated with the membrane permeable acetoxymethyl
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Figure 6. The effect of BAPTA on the subcellular distribution of
PKCa and PKCe. Myocytes grown for 4 d in a normoxic environment
were exposed to BAPTA/AM (25 uM) or vehicle for 30 min, washed
to remove residual extracellular BAPTA/AM, and then placed in the
hypoxia chamber or a normoxic incubator for 4 h. Soluble and partic-
ulate fractions were prepared, subjected to SDS-PAGE, transferred
to nitrocellulose, and probed with the anti-PKC isoform specific anti-
sera as described in Methods. The results represent the mean+SEM
for data from four determinations from separate culture prepara-
tions. Hypoxia resulted in a significant decrease in PKCa and PKCe
in the soluble fraction (P < 0.05). BAPTA did not alter the subcellu-
lar distribution of PKCa and PKCe in normoxia. BAPTA completely
blocked the hypoxia induced fall in PKCa (but not PKCe) in the solu-
ble fraction (P < 0.05).

ester of the calcium-chelating compound 1,2-bis(2-aminophen-
oxy)ethane-N,N,N',N'- tetraacetic acid (BAPTA/AM) for 30
min and washed free of residual extracellular BAPTA/AM be-
fore the hypoxic challenge. Preliminary experiments using
quantitative fluorescence microscopy with fura-2 established
that this protocol effectively chelates intracellular calcium dur-
ing the subsequent 4 h (as evidenced by the absence of detect-
able calcium transients during electrical field stimulation and
the loss of a B-adrenergic receptor-dependent rise in intracel-
lular calcium, data not shown). BAPTA does not alter the sub-
cellular distribution of PKCa and PKCe in normoxic myo-
cytes, but completely blocks the hypoxia-induced translocation
of PKCu to the particulate fraction in hypoxic myocytes (Fig. 6).
In contrast, the effect of hypoxia to translocate PKCe to the
particulate fraction persists in BAPTA-treated myocytes.
BAPTA does not influence the subcellular distribution of
PKC3 either in normoxic or hypoxic myocytes (data not
shown).

Taken together, these results are most consistent with the
conclusion that the hypoxia-dependent pathway for activation
of PKCu is critically dependent upon the formation of DAG
as well as a rise in intracellular calcium. In contrast, the path-
way for activation of PKCe is dependent upon the formation
of DAG, but does not require a rise in intracellular calcium.
Finally, the hypoxia-induced translocation of PKC3 to the sol-
uble fraction is mediated by a separate mechanism that does
not involve DAG or calcium.

Discussion

PKC is increasingly recognized as a key regulatory enzyme in
normal cardiac physiology. PKC may also play a pivotal role in
the functional adaptation to myocardial ischemia and/or is-
chemic preconditioning. Despite the growing evidence that
PKC becomes activated during myocardial ischemia, this is the
first report to examine the effects of hypoxia on individual
PKC isoforms in cardiac myocytes. This study establishes that
the hypoxic component of an ischemic insult is sufficient to in-
fluence PKC.

Results reported herein establish that hypoxia leads to the
translocation of PKCo and PKCe to the particulate fraction. A
similar effect of ischemia to induce the translocation of the cal-
cium-sensitive PKCB and PKCry isoforms from the cytosol to
the membrane previously was reported in brain (32). Assum-
ing that translocation to the membrane is an essential prereq-
uisite for PKC isoform activation, studies reported herein sug-
gest that hypoxia leads to the activation of PKCa and PKCe.
Experiments with D609 and BAPTA indicate that the rise in
DAG mediates the hypoxia-induced translocation/activation
of PKCe, whereas the mechanism for the hypoxia-induced
translocation/activation of PKCu involves a rise in DAG in as-
sociation with perturbations in intracellular calcium. Whether
hypoxia directly modulates the function of signal transducing
molecules (receptors, G proteins, phospholipases, etc.) or leads
to the release of soluble factors (angiotensin II, endothelin [33,
34]) that act on receptors to stimulate intracellular signal trans-
duction pathways was not examined in our study. However,
the evidence that activation of phosphoinositide hydrolysis by
G protein—coupled receptors (including those that elicit large
increases in intracellular calcium [35, 36]) leads to a pattern of
PKC redistribution that is quite distinct from that observed in
our experiments (i.e., an increase in the membrane-association
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of PKCe and PKC3, but no detectable redistribution of PKCa
to the membrane fraction [5]) suggests that the receptor-
dependent pathways defined in normoxic myocytes cannot en-
tirely explain the hypoxia-induced translocations of PKC iden-
tified in this study. In this context, it is noteworthy that apart
from the pharmacologic response to PMA, there is no prece-
dent for the translocation/activation of PKCa in cardiac myo-
cytes (5, 37). The observation reported herein that hypoxia
induces the translocation of PKCa to the membrane compart-
ment should provide the basis for future investigations into the
mode of activation of PKCu in cardiac myocytes.

Another major finding of this study is that hypoxia leads to
the redistribution of PKC3 to the soluble compartment. This
result is surprising given the evidence that hypoxia translocates
PKCe to the particulate fraction via a DAG-dependent path-
way; one would have anticipated that hypoxia also would re-
cruit PKC3 to the membrane fraction. However, recent studies
have uncovered a previously unrecognized level of complexity
to the interaction of PKC isoforms with intracellular target
structures which could suggest mechanisms to account for the
hypoxia-induced translocation of PKC3. First, there is recent
evidence that protein—protein interactions of PKC with an-
choring proteins may stabilize the phospholipid-dependent
translocation of PKC isoforms to membranes and/or play a
role in targeting PKC to specific intracellular loci (38). Indeed,
several intracellular PKC binding proteins with properties that
conform to intracellular receptors for activated C-kinase
(RACKS) have been identified in the triton-soluble fraction of
rat heart and brain (38, 39). Other cytoskeletal-associated pro-
teins, which are structurally distinct from RACKs, also have
been reported to bind PKC in vitro and may confer additional
anchoring sites for PKC in vivo (40). Thus, hypoxia-induced
alterations in the subcellular distribution of PKC3 could be the
result of changes in the expression or function of critical intra-
cellular PKC binding proteins. Alternatively, it is possible that
the in vivo subcellular location of PKC3 is not altered by hy-
poxia, but the nature of the interaction of PKC3 with the
membrane structure is altered (perhaps as a result of hy-
poxia-induced changes in lipid cofactors that support stable
PKC binding) such that PKC8 becomes more susceptible to
dissociation from the membrane during sample preparation
(40). Future studies to explore these mechanisms are war-
ranted.

Although hypoxia disrupts the membrane association of
PKC3, biochemical subfractionation studies argue that PMA-
dependent recruitment of PKC3 to the membrane proceeds
normally in hypoxic myocytes. Nevertheless, there may be
subtle differences in the subcellular distribution of PKC3,
which might escape detection using this technique. For exam-
ple, we cannot exclude the possibility that PKC3 is associated
with distinct structures in the particulate fractions of agonist-
stimulated normoxic and hypoxic myocytes, thereby influenc-
ing the phosphorylation and activation of substrates. Only im-
munocytochemical studies can reveal the precise intracellular
topography of PKC and determine whether hypoxia alters the
subcellular targeting of PKC3. Such differences would be im-
portant since they would, at least in theory, influence substrate
accessibility and lead to changes in PKC-dependent function.

There is only limited previously published information on
the effects of hypoxia/ischemia on the subcellular redistribu-
tion of PKC in cardiac tissue. Strasser et al. reported that acute
ischemia results in the translocation of PKC from the soluble
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to the particulate fraction of adult rat ventricular myocardium
(18). However, this study assayed PKC as histone—kinase ac-
tivity and would only detect hypoxia-induced changes in cPKC
isoforms (since histone is a good substrate for cPKC isoforms
but is a relatively poor substrate for nPKC isoforms). In a
more recent study, these investigators used immunoblot analy-
sis to demonstrate that more prolonged ischemic intervals (30—
60 min) lead to the induction of PKC3 and PKCe in the soluble
fraction (19). In contrast, Webster et al. used a culture model
similar to that employed in our study and demonstrated that
hypoxia (for up to 8 h) does not influence the subcellular dis-
tribution of PKC (41). The different results between the two
studies on cultured neonatal rat ventricular myocytes can be
reconciled on the basis of the distinct methods used to assess
PKC. The prior study measured PKC enzyme activity with an
EGF receptor peptide as substrate and would not discriminate
hypoxia-induced changes in individual PKC isoforms. In con-
trast, our study used immunoblotting with PKC isoform spe-
cific antisera, which is capable of distinguishing changes in in-
dividual PKC isoforms, particularly under conditions where
hypoxia simultaneously induces reciprocal changes in the
abundance of individual PKC isoforms within a single cell
compartment.

Given that translocation of PKC isoforms from the soluble
to particulate compartment has been taken as the hallmark
of PKC activation, presumably representing a mechanism to
promote access to substrate, results reported herein suggests
that hypoxia activates PKCa and PKCe. The functional conse-
quences of PKCa and PKCe activation in cardiac myocytes
remain uncertain. However, there is evidence that PKCax can
directly activate Raf-1 (42) and thereby initiate a protein phos-
phorylation cascade that leads to changes in gene expression
characteristic of the cardiac hypertrophic response (43). A
similar linkage between PKCe and Raf-1 kinase has been
demonstrated in rodent fibroblasts and atrial cardiomyocytes
(36, 44). Thus, the recent observation that hypoxia increases
Raf-1 kinase activity which in turn activates downstream Kki-
nases including mitogen-activated protein kinase kinase (MEK),
mitogen-activated protein kinase (MAPK), and S6 kinase (45)
could be attributed to the hypoxia-dependent activation of
PKCa and/or PKCe identified in this study. Whether activa-
tion of the MAPK cascade, in turn, is the mechanism underly-
ing the effect of hypoxia to induce fos and jun and whether this
directly elicits changes in the expression of other genes which
promote hypertrophy and/or induce adaptive responses to hy-
poxia requires further study (41). Apart from its potential role
in the control of myocyte growth, PKCe has been implicated in
the modulation of spontaneous contractile activity in cultured
neonatal ventricular myocytes (46) and the regulation of intra-
cellular calcium homeostasis in atrial cardiomyocytes (36).
Thus, activation of PKCa and/or PKCe during cardiac hy-
poxia/ischemia also could lead to the phosphorylation of sub-
strates which contribute to the genesis of arrhythmias (47), in-
fluence myocardial contractile performance (48), and/or play a
role in ischemic preconditioning (49-52).
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