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Abstract The loss of ability to proliferate (terminal differentiation) and reduction in capability to resist ischemia
are key phenomena observed during postnatal development of the heart. Mitogen-activated protein kinases (MAPKs)
mediate signaling pathways for cell proliferation/differentiation and stress responses such as ischemia. In this study, the
expression of these kinases and their associated kinases were investigated in rat heart ventricle. Extracts of 1-, 10-, 20-,
50-, and 365-day-old rat heart ventricles were probed with specific antibodies and their immunoreactivities were
quantified by densitometry. Most of the mitogenic protein kinases including Raf1, RafB, Mek1, Erk2, and Rsk1 were
significantly down-regulated, whereas the stress signaling kinases, such as Mlk3, Mekk1, Sek1, Mkk3, and Mapkapk2
were up-regulated in expression during postnatal development. Most MAP kinases including Erk1, JNKs, p38 Hog, as
well as Rsk2, however, did not exhibit postnatal changes in expression. The proto-oncogene-encoded kinases Mos and
Cot/Tpl 2 were up-regulated up to two- and four-fold, respectively, during development. Pak1, which may be involved in
the regulation of cytoskeleton as well as in stress signaling, was downregulated with age, but the Pak2 isoform increased
only after 50 days. All of these proteins, except RafB, were also detected in the isolated adult ventricular myocytes at
comparable levels to those found in adult ventricle. Tissue distribution studies revealed that most of the protein kinases
that were up-regulated during heart development tended to be preferentially expressed in heart, whereas the
downregulated protein kinases were generally expressed in heart at relatively lesser amounts than in most of other
tissues. J. Cell. Biochem. 71:286–301, 1998. r 1998 Wiley-Liss, Inc.
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The heart undergoes marked changes in post-
natal development from birth to its mature or
adult form. The sequence and rate of develop-
ment varies from species to species and may
differ depending on the index under consider-
ation. In rat, most of the adult characteristics of
the heart are manifested about 30 to 50 days
after birth, and during this postnatal period the
heart undergoes dramatic changes in morpho-

logical, mechanical, electrophysiological, and
biochemical parameters [Rakusan, 1984; Riva
and Hearse, 1991; Zak, 1981; Rumyanstsev,
1996]. These changes may be associated with
various extracellular signals, such as hor-
monal, neuronal, or physical stimuli, intracellu-
lar expression of cardiac specific genes and func-
tional proteins, and their post-translational
modifications [Chien et al., 1993; Komuro and
Yazaki, 1993; van-Bilsen and Chien, 1993;
Schott and Morrow, 1993; Cummins, 1993].

The growth of cardiac mass in early neonatal
development is due to an increase in the num-
ber of cardiac myocytes (cell proliferation) and
in their individual volume. In rat heart, cardiac
myocytes then become terminally differenti-
ated and grow only in size about two weeks
after birth, arrested at Go or G1 phase of the cell
cycle [Capasso et al., 1992; Zak, 1974]. The
cardiac mass increases as much as 39-fold by
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adulthood, but the number of left ventricular
myocytes increases from about 7 X 106 cells at
birth to 14 X 106 and 30 X 106 at the age of 11
and 60 days, respectively [Claycomb, 1975;
Rukusan, 1984;Anversa et al., 1986]. This num-
ber remains constant in the later stage of devel-
opment. Similarly, the rate of DNA synthesis
and the DNA polymerase activity also decline
rapidly during the developmental period. While
it is not yet clear how many times a cardiac
myocyte undergoes mitosis during early postna-
tal development, it has been suggested that the
actual mitosis may take place more than once
in view of the number of cells that are also
subject to apoptosis during the postnatal devel-
opment [Misao et al., 1996; Kajstura et al.,
1996]. Isolated 5- to 10-day -old neonatal car-
diac myocytes undergo one or two cycles of cell
division before becoming differentiated in vitro.
Adult cardiac myocytes grow only in size (hyper-
trophy) and occasionally become bi- and/or poly-
nucleated. Under some pathological conditions,
cardiac myocytes further grow in size and the
number of bi- or poly-nucleated cells increases.
It is still unclear how cardiac myocytes become
terminally differentiated during postnatal de-
velopment. Most researchers, however, agree
that it is likely due to the biochemical inhibi-
tion of mitosis and DNA synthesis rather than
the permanent physiological loss in their abil-
ity to proliferate. Observations of re-initiation
of DNA synthesis and mitotic division of adult
cardiac myocytes under certain conditions, such
as ischemia [Anversa et al., 1996], pressure
overload [Capasso et al., 1993], anemia [Ol-
ivetti et al., 1992], phorbol ester treatment
[Claycomb and Moses, 1988], and senescent
heart in certain strains of rats [Anversa et al.,
1991] substantiate this postulation.

Another significant change that occurs dur-
ing postnatal development is the decrease in
resistance to oxygen deprivation with age. The
neonatal heart possesses a greater resistance
to ischemia than the adult, showing a greater
post-ischemic recovery of contractile functions
and less cellular damage [Riva and Hearse,
1991]. Several explanations have been ad-
vanced for this phenomenon, including the in-
crease in the activity of xanthine oxidoreduc-
tase in adult heart which can generate toxic
reactive oxygen intermediates during ischemic
re-perfusion, differences in calcium handling
between neonate and adult, and reduced deple-
tion of ATP in the neonate during ischemia.

MAP kinases are a family of proline-directed
Ser/Thr protein kinases, involved in various
signaling pathways that mediate cell growth,
differentiation, transformation, cellular stress
responses, and apoptosis [Pelech and Charest,
1995; Sugden and Bogoyevitch, 1995; Robinson
and Cobb, 1997]. Extracellularly-regulated ki-
nase (Erk) 1 and 2 are MAP kinases that are
involved in mitogenic signaling in cells. Erk1
and Erk2 are activated by MAP kinase/Erk
kinase 1 (Mek1) and Mek2, which are in turn
stimulated by Raf isoforms. Other MAP kinase
signaling pathways target activation of the p38
kinase (also known as Hog or RK) and stress-
activated protein kinases (SAPKs, also referred
to c-Jun N-terminal kinases or JNK), which
mediate various stress related responses. MAP
kinase pathways have been shown to be in-
volved in cardiac hypertrophy and in stress
responses such as ischemia and ischemic re-
perfusion [Bogoyevitch et al., 1994; Bogoyevitch
et al., 1996; Knight and Buston, 1996]. How-
ever, the expression and regulation of the ki-
nase in these pathways during the postnatal
development of the heart have not been studied
in detail. Understanding of the regulation of
these MAP kinase pathways may be crucial in
unraveling the mechanism of age specific re-
sponses of mitogenesis and ischemia of the
heart. Toward this objective, we initially sought
to identify those MAP kinase pathway enzymes
that might potentially play significant roles in
the developing rat heart. Extracts from ven-
tricular tissues of 1-, 10-, 20-, 50- and 365-day-
old rat hearts were immunoblotted with a bat-
tery of over 24 different affinity purified antibod-
ies specific for protein kinases and quantified
by densitometry. At the same time, the relative
expression levels in adult heart were compared
to those of 10 different tissues from the same
rats.

MATERIALS AND METHODS

Affinity-purified rabbit polyclonal antibodies
were either raised against synthetic peptides or
purchased, as indicated in Table 1. Goat anti-
rabbit IgG and goat anti-mouse IgG conjugated
to alkaline phosphatase (AP) or to horseradish
peroxidase were purchased from Calbiochem
(San Diego, CA). Enhanced chemiluminescence
(ECL) detection reagents for immunoblotting
were purchased from Amersham Canada (Oak-
ville, ON). Pak3 was expressed in Escherichia
coli and purified over a glutathione-agarose
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column. Other reagents were purchased from
Sigma-Aldrich (St. Louis, MI), unless otherwise
stated.

Preparation of Rat Tissue Extracts

Hearts from 1-, 10-, 20-, 50- and 365-day-old
male Sprague-Dawley rats were rapidly ex-
cised, after induction of anesthesia by intraperi-
toneal injection of pentobarbital (60 mg/kg).
The ventricles of the hearts were cut, rinsed
with phosphate buffer saline at 4 oC, frozen in
liquid nitrogen, and stored at -70 oC until use.
The ventricular tissues were pulverized with
five strokes of a liquid nitrogen-cooled hand
French press and re-suspended in 10 volumes
of ice-cold homogenization buffer, containing:

20 mM MOPS, 15 mM EGTA, 2 mM Na2EDTA,
1 mM Na3VO4, 1 mM dithiothreitol, 75 mM
b-glycerophosphate, 0.1 mM PMSF, 1 µg/ml
aprotinin, 0.7 µg/ml pepstatin, 1 µg/ml leupep-
tin, 1% Triton X-100 (Membrane Grade), and
sonicated with a Branson Probe Sonicator at
4oC with 3 x 30s bursts. The homogenates were
ultracentrifuged at 100,000 rpm (240,000 x g)
for 11 min in a Beckman TLA-100.2 ultracentri-
fuge at 4 oC. The supernatants were used for
immunoblotting and enzyme assays. Other rat
tissues including adipose, brain, intestine, kid-
ney, liver, lung, spleen, testis, skeletal muscle
(hind leg tibial muscle), and thymus were also
collected from 50-day-old rats and homog-
enated as described above.

TABLE I. Amino Acid Sequences of Synthetic Peptides Used to Raise Antibodies
for Various Protein Kinasesa

Protein
kinase Immunogen sequence

Species of the
immunogen Source

Tpl-2 (Cot) NT-MEYMSTGSDNKEEIDC Rat UBI
CT-RGHQVIHEGSSTNDPNNSC Rat

Erk 1/Erk2 CT-CGGPFTFDMELDDLPKERLKELIFQETARFQPGAPEAP Rat UBI
MapkapK2 PCT-SRVLKEDKERWEDVKGC Mouse UBI
Mek1 XI-EFQDFVNKCLVKNPAERADLKC Mouse

NT-MPKKKPTPIQLNC Mouse
Mekk1 NT-CGSTHFTRMRRRLMAIAD Mouse
MKK 3 CT-KTKKTDIAAFVKILGEDSC Human UBI
Mlk 3 C20-residue 828–847 Human SC
Mos III-ASQRSFWAELNIARLRHDNIVRVVAASTR Frog UBI

M20-residue 371–390 Mouse SC
p38 Hog C20-residue 341–360 Mouse SC

NT-MSQERPTFYRQEKC Mouse UBI
Pak 1 NT-MSNNGLDVQDKPC Mouse UBI

N20-residue 2–21 Rat SC
Pak2 NT-MEETQQKSNLELLSAC Human
Pak 3 NT-MSDSLDNEEKPPAC Rat
Raf 1 C20-residue 629–648 Human SC
RafA CT-residue 584–597 Human UBI
RafB CT-residue 619–632 Human UBI
Rsk 1 C21-residue 716–735 Human SC
Rsk 2 PCT-CNRNQSPVLEPVGRS Mouse UBI
JNK2 Whole protein Rat
JNK1 C17-residue 368–384 Human SC
Sek1 XI-CLTKDESKRPKYDELLK Xenopus UBI

CT-CKILDQMPATPSSPMYVD Mouse
Tak1 CT-CKKQLEVIRSQQQKRQGTS Mouse

M17-residue 563–579 Mouse SC

aThe peptides in PBS and Freund’s incomplete adjuvant were injected into rabbits and the serum was obtained, after several
boosting injections. The antibodies were purified using peptide affinity columns and titred by ELISA. The peptide sequences
and their source of species are indicated in the origin column. For commercially purchased antibodies, the peptides are
indicated for the corresponding kinase residues with their species origins and the companies from which the antibodies were
sourced: SC, Santa Cruz Biotechnology (Santa Cruz, CA); TL, Transduction Laboratory (Mississauga, ON); UBI, Upstate
Biotechnology Inc. (Lake Placid, NY).
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Preparation of Isolated Rat Ventricular Myocytes

The isolation procedure was modified from
the protocol of Rodrigous et al. [1997]. Fifty-day-
old rat hearts were excised, perfused retro-
gradely with Buffer A (Joklik minimal essential
medium, containing 2 mM NaHCO3, 1.2 mM
MgSO4, and 1 mM DL-carnitine) for 5 min,
followed by the same buffer containing 25 µM
Ca21 and 75 mU/ml of collagenase (Type II,
Worthington Biochemical Corp., Freehold, NJ)
for 30 min at 37 oC. The softened ventricular
tissue was then cut and teased to small pieces
with scalpel, and incubated for 10 min in the
same collagenase and Ca21 containing Buffer A
with occasional agitation. Dissociated ventricu-
lar myocytes were carefully aspirated and
passed through a 200 µm mesh silk screen to
remove fine tissue debris. The isolated ventricu-
lar myocycte were then sequentially re-sus-
pended in Buffer A containing 50 µM, 100 µM,
500 µM, and 1 mM Ca21. The cells were then
pelleted by centrifugation for 60 sec at 45g. The
cell pellet was carefully loaded onto Buffer A
containing 1 mM CaCl2 and 4% BSA to separate
viable cells from dead cells. Rod-shape viable
cells are larger and asymmetric, and therefore,
settled more quickly than non-viable cells. Af-
ter the settling, the supernatant was discarded
and the cells were re-suspended into Buffer A
that contained 1 mM CaCl2. The isolated ven-
tricular myocytes were then sonicated with
three bursts of 30 sec each on ice-cold homogeni-
zation buffer and the homogenates were then
fractionated with cytosolic- and detergent-
soluble fractions as described in the previous
section.

Gel Electrophoresis and Immunoblotting

Extracts were added to SDS-PAGE sample
buffer (2.5% SDS, 10 % glycerol, 50 mM HCl,
pH 6.8, 0.5 M-mercaptoethanol, and 0.01% bro-
mophenol blue) and boiled at 100 oC for 3 min.
Protein concentrations were assayed with Brad-
ford reagent (BioRad, Richmond, CA) and ex-
tracts were diluted with 1% SDS to yield identi-
cal protein concentrations before adding to the
sample buffer. Electrophoresis was performed
in 11% SDS-PAGE gels, using a discontinuous
buffer system as described. Proteins were then
electrophoretically transferred onto nitrocellu-
lose membranes. Membranes were then blocked
with 3% skim milk powder in Tris-buffered
saline (20 mM Tris/HCl, pH 7.5, 0.5 M NaCl, 0.2

% Tween-20; TBST) and, after quickly rinsing
the membrane with TBST, exposed to a pri-
mary antibody in TBST for 2 h with constant
shaking at room temperature. Membranes were
washed three times for 10 min with TBST and
incubated with horse-radish peroxidase- or al-
kaline phosphatase-conjugated secondary anti-
body (goat anti-rabbit or anti-mouse IgG) in
TBST for 30 min. After washing membranes
three times for 10 min with TBST, Western
blots were developed using ECL Western blot-
ting detection system (Amersham) or AP color
development as described elsewhere [Sanghera
et al., 1996].

Densitometry and Statistical Analysis

For the quantitative analysis of protein ex-
pression, the films obtained from the ECL detec-
tion system or the color developed membranes
were scanned and the intensities of the bands
were quantified by the NIH image program.
Data are presented as means 6 SEM, and analy-
sis of variance (two-way ANOVA) and Tukey’s
test were performed with an a , 0.05 level of
significance.

RESULTS
Expression of MAP Kinase Kinase Kinases

(MPKKKs) Involved in the Regulation of Erk1
and Erk2: Raf, Mos, and Tpl-2

The Raf family of protein-Ser/Thr kinases
was first identified as the normal cellular coun-
terparts of v-raf in murine sarcoma virus 3611.
So far, three isoforms (Raf1, RafA, and RafB)
have been identified in mammalian systems
with distinct cellular distributions and charac-
teristics [Su and Karin, 1996; Boldyreff and
Issinger, 1997; Hagemann et al., 1997; Daum et
al, 1994]. Raf1 is a ubiquitous cytosolic protein
with an apparent molecular mass of 72 to 76
kDa. Activated Raf1 phosphorylates and acti-
vates Mek 1 and 2. RafA and RafB are ex-
pressed in a more tissue-specific manner and
their regulation is less characterized. The
expression of Raf1 was investigated by using
commercial antibodies raised against the C-
terminal region of human Raf1.Aprotein immu-
noreacted with apparent molecular mass of 73-
kDa (Fig. 1A). The 73-kDa protein was also
specifically immunoprecipitated (data not
shown) and its level of expression gradually
declined by 365-days to about 20% of levels
detected shortly after birth (Fig. 1B). Among
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adult rat tissues, Raf1 was abundantly ex-
pressed in lung, spleen, testis, and thymus but
was almost undetectable in the heart (Fig. 1C).
Antibody raised against the C-terminus of RafA
revealed a 67-kDa protein that did not signifi-
cantly change in intensity of immunoreactivity
during development (Fig. 1D, E). The antibody
also specifically immunoprecipitated the 67-
kDa protein from ventricular extracts (data not
shown). Unlike Raf1, RafA in the heart was
abundantly expressed, surpassed only by the
liver when compared with 10 different adult
tissues (Fig. 1F). RafB C-terminus antibody
(CT) specifically but weakly immunoreacted
with a doublet of 92-kDa protein in the ven-
tricle and the protein was down regulated to
about 40% of the 1-day-old hearts during devel-
opment (Fig. 1G, H). Even though the ventricle
comprise about 80% with cardiomyocytes in
mass and volume, other cells such as blood
vessels, nerves and adipose tissues may influ-
ence the results. To investigate the cell specific
expression of these proteins, freshly isolated
adult (50-day -old rat) ventricular myocytes
were fractionated into cytosolic and particulate
fractions. In the isolated ventricular myocytes,
the same level of Raf1 and RafA was also de-
tected as in the ventricular tissues (Fig. 2).
RafB, however, could not be detected in the
isolated ventricular myocyte extracts (data not
shown).

In addition to Raf, at least two other protein
kinases have been shown to indirectly activate
Erk1 and Erk2. The Cot (cancer Osaka thyroid)/
Tpl-2 (tumor progression locus 2) oncogene was
cloned from Hamster cell transformed with
DNA extracts from human thyroid carcinoma
cell line [Miyoshi et al., 1991]. It encodes two
protein serine kinase isoforms with apparent
molecular mass of 52 kDa and 58 kDa, which
arise from an alternative initiation mechanism
and have different transforming activities
[Ohara et al., 1995]. Tpl-2 is a rat homologue
which was cloned from cell lines derived from
Moloney murine leukemia virus induced thy-
moma and it shares about 90% amino acid
identity to Cot [Salmeron et al., 1996]. Little is
known regarding the role and regulation of
these proteins, but the over-expression of Tpl-2
in COS-1 and NIH3T3 cells activated both the
Erk and JNK pathways with little effects on
p38 kinase, probably by direct phosphorylation
of Mek1 and Sek1 [Salmeron et al., 1996]. Tpl-2

is found in various tissues, but highly ex-
pressed in terminally differentiated granular
cells, and mainly localized in cytosolic fractions
[Ohara et al., 1995]. Our immunoblotting analy-
sis with both C-terminal and proximal C-
terminal (PCT) antibodies for Tpl-2 detected an
identical 58-kDa protein with gradually increas-
ing densities up to 4.7-fold in 50-day-old rat
ventricles (Fig. 1J, K, L). The protein was also
detected in the cytosolic fraction of the isolated
ventricular myocytes (Fig. 2). Comparative stud-
ies of various adult rat tissues showed that
Tpl-2 was expressed in most of the tissues with
the highest amount in heart, followed by kid-
ney, liver, and skeletal muscle (Fig. 1M).

Mos is another proto-oncogene-encoded 43-
kDa cytoplasmic Ser/Thr protein kinase, which
activates the Erk1/2 pathway by direct phos-
phorylation and activation of Mek1 [Pham et
al., 1995]. Immunoblotting with affinity puri-
fied antibody, raised against the catalytic subdo-
main III of Mos, identified a 43-kDa protein
with gradual increase in expression as much as
two-fold at 50-days of age (Fig. 1N, O). The
highest amount of this protein was detected in
the skeletal muscle, followed by the heart and
then brain (Fig. 1P). This protein also exclu-
sively resided in cytosolic fractions of isolated
ventricular myocytes (Fig. 2) at levels compa-
rable to what was observed in ventricular ex-
tracts.

Expression of MAP Kinase Kinase Kinases
(MPKKK) Involved in the Regulation of JNK

and p38 Kinase: Paks, Mlk3, and Tak1

The p21-activated kinases (Paks) are a fam-
ily of Ser/Thr kinases that are activated by
trimeric G protein-linked receptors as well as
by receptor tyrosine kinases. The details for
mechanism of activation of Paks remain to be
established. However, the direct binding of Pak
to either small G proteins, Cdc42 and Rac 1, via
about 60 amino-acid long p21-binding domain
(PBD) or a Src-homology 3 (SH3) domain con-
taining the adapter protein, Nck, via the N-
terminal proline-rich region of Pak, have been
shown to induce Pak phosphotransferase activ-
ity which, then, stimulates stress-related pro-
tein kinases such as p38 and JNKs [Bagrodia et
al., 1995; Zhang et al., 1995; Jakobi et al., 1996;
Teramoto et al., 1996; Sells and Chernoff, 1997].
In mammalian systems, at least three isoforms
of Paks have been identified: a 67 kDa Pak1
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(Paka), a 62 kDa Pak2 (Pakg, Pak-I), and a 65
kDa Pak3 (Pakb). Our immunoblotting re-
vealed the presence of p67 Pak1 and p62 Pak2
(Fig. 3) but the virtual absence of Pak3 (Fig.
3H) in rat ventricles. These results support the
previous assignments of Pak2 as a ubiquitous
protein and Pak1 as a brain and muscle-specific
protein [Sells and Chernoff, 1997]. In the heart,
the expression of Pak isoforms was differen-
tially regulated during the postnatal develop-
ment of rat ventricle. Pak1a-C-19 immunore-
acted with three different mass of proteins (75
kDa, 67 kDa, and 64 kDa; Fig. 3A), all of which
were also specifically immunoprecipitated (data
not shown). Another antibody raised against

the N-terminus of Pak1, however, only cross-
reacted with the 67-kDa protein among those
three (Fig. 3B). At present, the identity of those
other two bands is unknown. They could be
phosphorylated forms of Pak1 or other isoforms
which immunoreacted specifically with the C-
terminal antibody. We have also immunoblot-
ted with Pak2 and Pak3 antibodies following
immunoprecipitation with Pak1a antibody from
ventricular extracts; these studies indicated
that the 75 kDa and 64 kDa proteins were
neither Pak2 nor Pak3 (data not shown). There-
fore, we analyzed the expression of 67-kDa pro-
tein during development of heart, which dis-
played a decrease to as much as 30% of newborn

Fig. 1. Expression of MAP kinase kinase kinase (MKKKs) in-
volved in the regulation of Erk1 and Erk2 during postnatal
development of rat ventricle. Protein extracts (100 µg) of 1-, 10-,
20-, 50-, and 365-day-old rat ventricles were subjected to 11%
SDS-PAGE and immunoblot analysis was performed with vari-
ous antibodies for Raf1 (A), RafA (D), RafB (G), Tpl-2 (J, K), and
Mos (N). The immunoreactivities were plotted against the rela-
tive density as 1one arbitrary unit for 1 -day ventricle and values
represent mean 6 SEM from three to four separate experiments
(B, E, H, L, O). Inserted numbers and underscores in the graphs

show results of the Tukey multiple comparisons test. At the 0.05
significance level, the means of any two groups underscored by
the same line are not significantly different. For tissue compari-
son, extracts (50 µg of total protein) of 11 adult rat tissues
(adipocytes (Ad), brain (Br), heart (Ht), intestine (In), kidney (Kd),
liver (Lv), lung (Lu), skeletal muscle (Skm), spleen (Sp), testis (Ts),
and Thymus (Th)) were subjected to 11% SDS-PAGE and immu-
noblot analysis was performed with Raf1 (C), RafA (F), RafB (I),
Tpl-2 (M), and Mos (P) antibodies. (C), RafA (F), RafB (I), Tpl-2
(M), and Mos (P) antibodies.
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levels after 50-days of age (Fig. 3C). Pak1 was
expressed abundantly in brain, followed by liver
(Fig. 3D). Pak1 and Pak2 were also detected in
the isolated ventricular myocytes and mainly
resided in the cytosolic fraction (Fig. 2). In the
heart, the expression compared to other tissues
was very low. In contrast, the expression of
Pak2 increased up to 2.3-fold after 50-days of
age (Fig. 3E, F). Similar to previous reports,
p62 Pak2 was widely expressed in all the tis-
sues investigated (Fig. 3G); the expression in
the heart was detectable, but was less than in
kidney and liver.

The mixed lineage kinase 3 (Mlk3), also
known as SPRK, is a Ser/Thr protein kinase,
with apparent molecular mass of 95 kDa [Ranna
et al., 1996]. In ventricular extracts, a 95-kDa
protein strongly immunoreacted with an Mlk3
specific antibody raised against its C-terminal
20 residues (Fig. 4A), with increasing intensity
up to seven-fold higher than newborn levels by
50-days of age (Fig. 4B). Mlk3 was expressed in
various tissues including brain, heart, lung,

skeletal muscle, and testis, but it was most
extensively expressed in the spleen (Fig. 4C).
Mlk3 was also detected in both cytosolic and
particulate fractions of isolated ventricular myo-
cytes (Fig. 2).

The TGFb activated kinase 1 (Tak1) is a 579
amino acid protein with molecular mass of 64
kDa. The kinase domain of Tak1 shares about
30% amino acid homology to Raf1 and Mekk,
indicating potential involvement in the JNK
and p38 signaling cascades [Fanger et al., 1997;
Yamashita et al., 1995]. Western blots with
C-terminal antibody specific for Tak1 detected
a 72-kDa protein in the ventricular extracts
and its expression was significantly decreased
up to 80% over the first 50 days after birth (Fig.
4D, E, F). Tak1 was also detected in the cyto-
solic fraction of the isolated ventricular myo-
cytes (Fig. 2). A similar protein and expression
pattern was also detected with another C-
terminal antibody (Fig. 4E, F). This protein,
however, was not immunoprecipitated by ei-
ther antibody. Tissue distribution of this pro-

Fig. 2. Subcellular expression of protein kinases involved in MAP kinase pathways in isolated ventricular myocytes.
Cytosolic (Cyt.) and particulate extracts (Part.) (100 µg protein) from isolated adult (50-day-old) venticular myocytes
were subjected to 11% SDS-PAGE and Western blotted for immunoreactivity against antibodies as indicated in the
figure.
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tein among other tissues was identical between
the two antibodies, which showed the highest
amount in brain, followed by lung, liver, thy-
mus, and heart (Fig. 4G, H).

Mekk1 is a mammalian homologue of the
yeast protein kinase STE 11 and Byr2 with an
apparent molecular mass of 78- to 80-kDa in
SDS-PAGE gels [Lange-Carter et al., 1993].
Western blotting with an amino-terminus spe-
cific antibody detected a 75-kDa protein, which
was also specifically immunoprecipitated by the
Mekk1-PNT antibody from ventricular extracts
(Fig. 4I). Following birth, the expression in rat
heart ventricles increased as much as three-
fold by 20-days of age (Fig. 4J). The tissue
expression pattern of Mekk1 showed that the
highest amount was present in the heart (Fig.
4K), which is similar to a previous analysis by
Northern blotting [Lange-Carter et al., 1993].

Expression of MAP Kinase Kinases (MAPKKs),
MAP Kinases (MAPKs), and Their

Substrate Kinases

Expression of Erk1 and 2 and their up-
and down-stream kinases. Erk1 and Erk2
are the most studied MAP kinases in the heart,
and their activation by various mitogenic
stimuli, correlates with hypertrophy of cardio-
myocytes. The expression of Mek1, a specific
upstream kinase for Erk1 and Erk2 activation,
was analyzed by using two Mek1 specific anti-
bodies raised against either N-terminus (Fig.
5A) or catalytic subdomain XI region (Fig. 5B)
of Mek1. Both antibodies clearly immunore-
acted with a 46-kDa protein that displayed
reduced intensity following birth by up to 40-
60% in 50- and 365-days (Fig. 5C). This result
was consistent with a previous study [Lazou et

Fig. 3. Expression of p21-activated kinases during postnatal
development of rat ventricle. Protein extracts (150 µg) of 1-, 10-,
20-, 50-, and 365-day-old rat ventricles were subjected to 11%
SDS-PAGE and Western blot analysis was performed with affini-
typurified polyclonal antibodies specific for Pak1 (A, B), Pak2
(E) and Pak3 (H). The immunoreactivities were plotted against
the relative density as 1 arbitrary unit for 1 day ventricle and
values represent mean 6 SEM from three to four separate
experiments (C, F). Inserted numbers and underscores in the
graphs show results of the Tukey multiple comparisons test. At

the 0.05 significance level, the means of any two groups under-
scored by the same line are not significantly different. In panel D
and G, extracts (50 µg of total protein) of 11 adult rat tissues (see
legend to Fig. 1) were subjected to 11% SDS-PAGE and immuno-
blot analysis was performed with Pak1-NT (D) and Pak2-NT (G)
antibodies. In panel H, extracts of five adult rat tissues (see
legend to Fig. 1) and thrombin-cleaved recombinant Pak3 were
subjected to 11% SDS-PAGE and immunoblot analysis was
performed with Pak3-NT antibodies.
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al., 1994]. Mek1 was also present and predomi-
nantly resided in the cytosolic fraction of the
isolated ventricular myocytes (Fig. 2). Relative
to other rat tissues, the amount of Mek1 in the
heart was low, whereas it was abundant in
brain, liver, and lung (Fig. 5D).

Immunoblotting studies using Erk1 C-termi-
nus (Erk1-CT) antibodies detected both Erk1
and Erk2 in the rat heart ventricle (Fig. 5E).
Similar to a previous study [Lazou et al., 1994],
the Erk2 expression was reduced by about half
over the first 50 days after birth (Fig. 5F),
whereas the level of Erk1 remained unchanged.
Even though Erk1 and 2 were expressed in all
tissues, the level and pattern of expression be-
tween Erk1 and Erk2 varied among various
adult tissues (Fig. 5G). For example, in brain,
both Erk1 and Erk2 were equally expressed but
in other tissues, Erk1 was more abundant than
Erk2. In the adult heart, the relative levels of
Erk1 and Erk2 were low compared to other
tissues. In isolated ventricular myocytes, Erk1
and 2 was detected in both cytosolic and particu-
late fractions (data not shown).

Among the many proposed substrates of Erk1
and Erk2, the p90 ribosomal S6 kinase (Rsk)
has been studied extensively in many tissues
and cells. Two Rsk isoforms, Rsk1 and Rsk2
were found to be regulated differently in their

expression: Rsk1 was down regulated by 50%
after 50 days of age (Fig. 5H, I), whereas there
was no change in Rsk2 expression (Fig. 5K, L,
M). Since both Rsk1 and Rsk2 are similarly
sized and might have cross-reacted with the
alternate Rsk antibodies, the Rsk isoforms were
specifically immunoprecipitated and then im-
munoblotted. These experiments confirmed the
decrease of Rsk1 levels during development
with no change in Rsk2 levels, and immunopre-
cipitated Rsk1 did not react with Rsk2 antibody
or vice versa (data not shown). In the isolated
ventricular myocytes, Rsk1 was detected in both
cytosolic and particulate fractions, whereas
Rsk2 was only detected in the cytosolic fraction
(Fig. 2). In various tissues, Rsk1 was widely
expressed, especially abundant in brain, lung
and liver, but much less in heart (Fig. 5J). Rsk2,
however, was detected abundantly in heart (Fig.
5N). We did not investigated the specific expres-
sion of Rsk3, because commercially available
Rsk3 antibodies appeared to cross-react with
Rsk1.

Expression of JNKs and a direct up-
stream kinases. The signaling pathway to
stress-activated protein kinases (SAPK, also
known as c-Jun N-terminal kinase or JNK) is
distinctly regulated by the JNK specific protein
kinase, Sek1. Immunoblotting with two antibod-

Fig. 4. Expression of MAP kinase kinase kinase (MKKKs) in-
volved in the regulation of JNK and p38 during postnatal
development of rat ventricle. Protein extracts (150 µg) of 1-, 10-,
20-, 50-, and 365-day-old rat ventricles were subjected to 11%
SDS-PAGE and Western blot analysis was performed with affin-
ity purified polyclonal antibodies specific for Mlk3 (A), Tak-1
(D, E), and Mekk1 (I). The immunoreactivities were plotted
against the relative density as one arbitrary unit for 1 day-day-
old ventricle and values represent mean 6 SEM from three to

four separate experiments (B,F,J). Inserted numbers and under-
scores in the graphs show results of the Tukey multiple compari-
sons test. At the 0.05 significance level, the means of any two
groups underscored by the same line are not significantly differ-
ent. Extracts (50 µg of total protein) of 11 adult rat tissues (see
legend to Fig. 1) were subjected to 11% SDS-SDS-PAGE and
immunoblot analysis was performed with Mlk3- Mlk3-C20 (C),
Tak1-CT (G), Tak-M17 (H), and Mekk1-PNT (K) antibodies.
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ies, raised against Sek1 catalytic domain XI
(Fig. 6A) and C-terminal peptides (Fig. 6B),
permitted detection of a 42-kDa protein that
increased in expression up to four-fold during
development (Fig. 6C). Among 11 different tis-
sues, the heart expressed Sek1 most abun-

dantly (Fig. 6D). In isolated ventricular myo-
cytes, strong immunoreaction was detected
exclusively in cytosolic fraction (Fig. 2).

To date, at least two isoforms of JNKs have
been identified: JNK1 and JNK2. The JNK2
(SAPKa and SAPKb) isoforms commonly ex-

Fig. 5. Expression of Erk1 and Erk2 and their up- and down-
stream kinases. Protein extracts (15 µg) of 1-, 10-, 20-, 50-, and
365-day-old rat ventricles were subjected to 11% SDS-PAGE
and Western blot analysis was performed with affinity purified
polyclonal antibodies specific for Mek1 (A, B), Erk1/2 (E), Rsk1
(H) and Rsk2 (K,L). The immunoreactivities were plotted against
the relative density as 1 arbitrary unit for 1 day-day-old ventricle
and values represent mean 6 SEM from 3 to 4 separate experi-

ments (C, F, I, M). Inserted numbers and underscores in the
graphs show results of the Tukey multiple comparisons test. At
the 0.05 significance level, the means of any two groups under-
scored by the same line are not significantly different. Extracts
(50 µg of total protein) of 11 adult rat tissues (see legend to Fig.
1) were subjected to 11% SDS-PAGE and immunoblot analysis
was performed with Mek1-XI (D), Erk1-CT (G), Rsk1-C21, and
Rsk2-PCT (N) antibodies.
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hibit apparent molecular masses of 55 kDa,
where as JNK1 ( SAPKg) has a molecular mass
of 46 kDa [Pelech and Charest, 1995]. In heart,
JNK isoforms are activated by several stimuli
based on the in situ c-Jun phosphorylation as-
says [Bogoyevitch et al., 1995, 1996; Komuro et
al., 1996; Knight and Buxton, 1996]. Western
blotting against JNK antibodies raised against
recombinantly expressed whole protein or C-
terminal residues detected a 55-kDa JNK2 (Fig.
6E) and 46-kDa JNK1 (Fig. 6F). Neither of
these proteins changed in expression during
development (Fig. 6G). JNK1 and 2 were also
detected in the isolated ventricular myocytes
(Fig. 2), and a relatively high amount of JNK1
was detected in heart compared to other adult
tissues (Fig. 6H).

Expression of p38 and its direct up- and
downstream kinases. p38 Hog (also referred
as reactivating kinase (RK), Hog, Mxi2, MAP
kinase 2 and cytokine-supressive anti-inflam-
matory drug binding protein (CSBP) is another
family of MAP kinases that are distinct from
Erk1/2 and JNK. Mkk3 and Mkk6 target the

phosphorylation and activation of p38 Hog
[Derijard et al., 1995]. The expression of Mkk3
in heart was investigated with antibody raised
against the C-terminus of this kinase. Mkk3,
with an expected molecular mass of 35 kDa,
was up regulated up to 2-fold during develop-
ment (Fig. 7A, B). Similarly, the expression of
Mkk3 in the heart was higher than in any other
tissues investigated (Fig. 7C), and the level in
heart ventricles was comparable to that in iso-
lated myocytes, where the kinase predomi-
nantly resided in the cytosolic fraction (Fig. 2).

The expression of p38 Hog was investigated
by using two antibodies, raised against the
N-terminus (NT) and C-terminus (CT) of the
kinase. There were no changes in the level of
p38 Hog during development (Fig. 7D, E, F).
The amount of p38 Hog in the heart was the
highest among 11 different adult rat tissues
(Fig. 7G). A high level of p38 Hog was also
detected in isolated ventricular myocytes, where
it was mainly localized in the cytosolic fraction
(Fig. 2).

Fig. 6. Expression of JNK and the direct upstream kinase Sek1.
Protein extracts (150 µg) of 1-, 10-, 20-, 50-, and 365-day-old rat
ventricles were subjected to 11% SDS-PAGE and Western blot
analysis was performed with affinity purified polyclonal antibod-
ies specific for Sek1 (A,B), JNK (E,F). The immunoreactivities
were plotted against the relative density as 1 arbitrary unit for 1
day ventricle and values represent mean 6 SEM from 3 to 4
separate experiments (C,G). Inserted numbers and underscores

in the graphs show results of the Tukey multiple comparisons
test. At the 0.05 significance level, the means of any two groups
underscored by the same line are not significantly different.
Extracts (50 µg of total protein) of 11 adult rat tissues (see legend
to Fig. 1) were subjected to 11% SDS-PAGE and immunoblot
analysis was performed with Sek1-CT (D) and JNK1 (H) antibod-
ies.
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Mapkapk2 is phosphorylated and activated
by p38 Hog. Two affinity purified polyclonal
antibodies raised against with the N-terminus
(NT) and proximal C-terminus (PCT) of Map-
kapk2 immunoreacted with an appropriately
sized 60-kDa protein (Fig. 7H, I) that under-
went a gradually increase of up to 1.7-fold in
expression during the first 50-days after birth
(Fig. 7J). The equivalent level of expression
was also detected in the isolated adult ventricu-
lar myocytes, which mainly resided in the cyto-
solic fraction (Fig. 2). In comparison with other
tissues, abundant amounts of Mapkapk2 were
detected in heart but less evident than in liver
and skeletal muscle (Fig. 7K).

DISCUSSION

The present study has demonstrated differen-
tial regulation of the Raf isoforms during post-
natal development of the rat heart. Raf1 and
RafB were significantly down regulated in the
aging heart, whereas no changes were detected
in RafA expression. The expressions of Raf1
and RafAwere also detected in isolated ventricu-
lar myocytes, but RafB was expressed only in
non-myocytes (Fig. 1 and 2). In neonatal ven-
tricular myocytes, Raf1 and RafA were detected
by Northern and Western blot analysis [Storm
et al., 1990; Bogoyevitch et al., 1995]. Both
isoforms were also shown to be activated by
endothelin-1 and phorbol ester, but only Raf1

was activated by acidic fibroblast growth factor
[Bogoyevitch et al., 1995]. Recent studies with
co-expression of Rafs and casein kinase 2 (CK2)
in sf-9 insect cells showed that CK2 directly
interacts with RafA but not with other isoforms
[Boldyreff and Issinger, 1997; Hagemann et al.,
1997]. These results indicate that Raf1, RafA,
and RafB are regulated by different mecha-
nisms, which may be involved in distinct roles
in the activation of Erk1 and Erk2 during post-
natal development of the heart.

Tpl-2 and Mos are other protein kinases that
may activate Erk1 and Erk2, and possibly JNK
but not p38 Hog [Salmeron et al., 1996]. The
role and identity of these kinases have not been
explored in the heart. Western blotting analy-
sis demonstrated the presence of both these
kinases in isolated ventricular myocytes with
increased amounts in adult rat ventricles (Fig.
1). In view of the high expression of Tpl-2 in
terminally differentiated cells [Ohara et al.,
1995], Tpl-2 may be involved in maintaining
ventricular myocytes in their terminally differ-
entiated state. Likewise, studies of Mos in Xeno-
pus oocytes have shown that the expression of
Mos is required for cells to enter meiosis II from
meiosis and cell cycle arrest at metaphase II of
unfertilized eggs [Roy et al., 1996]. In addition
to the expression in germ cells, Mos is ex-
pressed in various somatic cells and cell lines
[Leibovitch et al., 1991]. Other researchers pre-

Fig. 7. Expression of p38 Hog and its direct up- and down-
stream kinases. Protein extracts (150 µg) of 1-, 10-, 20-, 50-, and
365-day-old rat ventricles were subjected to 11% SDS-PAGE
and Western blot analysis was performed with affinity purified
polyclonal antibodies specific for Mkk3 (A), p38 Hog (D, E), and
Mapkapk2 (H, I). The immunoreactivities were plotted against
the relative density as one arbitrary unit for 1 day-day-old
ventricle and values represent mean 6 SEM from 3 to 4 separate

experiments (B,F,J). Inserted numbers and underscores in the
graphs show results of the Tukey multiple comparisons test. At
the 0.05 significance level, the means of any two groups under-
scored by the same line are not significantly different. Extracts
(50 µg of total protein) of 11 adult rat tissues (see legend to Fig 1)
were subjected to 11% SDS-PAGE and immunoblot analysis
was performed with Mkk3-Mkk3-CT (C), Hog-CT (G), and Map-
kapk2-PCT (K) antibodies.
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viously reported 20- to 40-fold higher levels of
Mos in skeletal muscle whose expression was
up-regulated during the postnatal development
[Leibovitch et al., 1991]. The role of Mos in the
heart/cardiomyocytes has not been previously
explored but, in Swiss 3T3 cells, the high expres-
sion of Mos was involved in the apoptosis of
cells in S phase and caused irreversible cell
cycle arrest in G1 phase [Fukasawa et al., 1995].
When these cells were in G2 phase at the time of
Mos expression, the cells completed M phase
but failed to undergo cytokinesis, resulting in
binucleated cells. Considering the temporal
regulation of Mos expression, it may be in-
volved in cell cycle arrest and bi- or poly-
nucleation of adult cardiac myocytes. In fact,
the over-expression of Mos causes differentia-
tion of C2C12 myoblast [Leibovitch et al., 1995].
Mos directly phosphorylates a muscle specific
transcription factor, MyoD, which induces the
heterodimerization of MyoD and E12 proteins
[Guillier et al., 1997].

In cardiac myocytes, both Erk1 and Erk2
have been identified and activated by various
mitogenic stimuli including angiotensin II, en-
dothelin-1, phenylephrine, adenosine, ATP, fi-
broblast growth factors, and mechanical stress
in both neonatal cell cultures and adult heart
tissues or isolated cardiac myocytes [Sadoshima
et al., 1995; Yamazaki et al., 1993; Bogoyevitch
et al., 1994; Lazou et al., 1994]. Activation of
Erk1 and Erk2 is carried out by the 45- to
46-kDa dual specific protein kinases Mek 1 and
Mek2 [Crews et al., 1992]. In cardiac myocytes,
Mek1 was activated by stimuli that activate
Erk1 and Erk2 [Lazou et al., 1993; Bogoyevitch
et al., 1994]. Our Western blotting analysis
confirmed previous observations of decreased
expression of Mek1 and Erk2 during develop-
ment (Fig. 5). In addition, we also analyzed the
expression of Erk1, which showed no change in
expression. Similar to the differential expres-
sion of Erk isoforms, Rsk isoforms were also
different in their expression patterns during
development (Fig. 5). Rsk1 was down-regulated
up to 50%, the same extent seen for Erk2,
where as there were no detectable changes in
Rsk2. The specific activities of Erk1 and Erk2
were down regulated with age, while no change
was seen in Rsk1 specific activity (data not
shown). Even though the regulation of Rsk iso-
forms by Erks may differ in vitro [Zhao et al.,
1996], it is still unclear whether there are func-
tional differences in Erk1 and 2, and Rsk1 and

2. Rsk1 and Rsk2 have been implicated in the
meiotic maturation of oocytes and the regula-
tion glycogen synthesis via protein phospha-
tase1 [Sturgill and Wu, 1991; Blenis, 1991]. In
the heart, Rsk1 was reported to be activated by
various mitogenic stimuli, such as endothel-
in-1, angiotensin-II, or mechanical stress [Sa-
doshima et al., 1995]. However, the role and
regulation of Rsk2 in the heart has not been
investigated in detail.

Distinct from the Erk1 and Erk2 signaling
pathways, several protein kinases have shown
to activate JNK and p38 Hog. These protein
kinases include Pak, Mlk3, Tak1, and Mekk.
Their functional roles and regulation in the
heart or cardiomyocytes have not been previ-
ously investigated. Pak1 and Pak2 were de-
tected in ventricles and isolated ventricular
myocytes, with down regulation of Pak1 and up
regulation of Pak2 during development (Fig. 3).
The expression of Pak1 and Pak2 without Pak3
concur with previous reports that showed the
ubiquitous expression of Pak2, brain- and
muscle-specific expression of Pak1, and brain-
specific expression of Pak3 [Sells and Chernoff,
1997]. The physiological role and significance of
the differential regulation of Pak isoforms dur-
ing development is currently under investiga-
tion in our lab.

Western blotting with Mlk3 antibody re-
vealed the presence of the protein in ventricle
and ventricular myocytes of rat heart and its
level increased up to seven-fold during develop-
ment (Fig. 4). Mlk3 has shown to be expressed
in many tissues and cell lines, and to interact
with Cdc42 and Rac1 [Fanger et al., 1997;
Ranna et al., 1996; Teramoto et al., 1996]. Little
is known about the regulation and function of
this kinase, but over-expression in COS-7 cells
could activate JNK signal cascades, probably
by direct phosphorylation and activation of
Sek1, with little effects on Erk1 and Erk2 and
p38 Hog signaling pathways [Teramoto et al.,
1996]. Mekk1 is another protein kinase that is
preferentially involved in the JNK signaling
pathway by phosphorylating and activating
Sek1 [Pelech and Charest, 1995]. The mode of
Mekk1 activation has not been clearly defined,
but it has been proposed to be activated by
binding to Ras and Cdc42/Rac [Fanger et al.,
1997]. Our Western blotting analysis with a
Mekk-specific antibody detected a 75 kDa pro-
tein that increased in amount during develop-
ment (Fig. 4). The functional roles and signifi-
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cance of the up regulation of Mlk3 and Mekk1
remain to be established. Since Sek1 expres-
sion was also up-regulated concurrently (Fig.
6), it may imply a more prominent role for JNK
signaling pathways in the adult as compared to
neonatal heart.

The JNKs represent another family member
of MAP kinases which are activated by various
stress related stimuli, such as heat shock, hyper-
osmostic conditions, UV radiation, cyclohex-
amide, anisomycin, phorbol myristic acetate
(PMA), and tumor necrosis factor-a (TNF-a).
JNK isoforms were activated by mechanical
stretch, sorbitol, and endothelin-1 treatment of
cultured neonatal ventricular myocytes [Ko-
muro et al., 1996; Bogoyevitch et al., 1995], and
in ischemia reperfused whole hearts [Knight
and Buxton, 1996; Bogoyevitch et al., 1996].
The activity of JNK is directly regulated by
SAPK/Erk kinase 1 (Sek1, also known as MKK4
and JNKK), which shares 45 % amino acid
homology with Mek1 and Mek2 [Derijard et al.,
1995]. Certain stimuli, such as osmotic shock,
taxol, heat shock, sodium arsenite, anisomycin,
lipolysaccharide, interleukin 1, and TNF-a,
most of which also activate JNK, also lead to
activate p38 Hog [Bogoyevitch et al., 1996;
Pelech and Charest, 1995]. Activation of p38
Hog is carried out through phosphorylation on
both threonine and tyrosine in a TGY motif by
dual specific protein kinases, Mkk3 and Mek6.
Mkk3 is an approximately 35-kDa kinase that
shares about 41 % amino acid sequence with
Mek1. In the heart, the p38 Hog signaling path-
way is activated by cellular stresses such as
hyperosmolarity, ischemia, and ischemia reper-
fusion [Sadoshima et al., 1996; Bogoyevitch et
al., 1996; Knight and Buxton, 1996]. A specific
downstream target for p38 Hog is MAPK-
activated protein kinase 2 (Mapkapk2), which
phosphorylates heat shock protein (hsp) 27 and
the transcription factor CREB [Tan et al., 1996;
Freshney et al., 1994]. The phosphorylation of
hsp27 and CREB induced by cellular stresses
has been suggested to stimulate polymeriza-
tion of actin and production of c-fos mRNA,
respectively [Landry and Huot, 1995]. Western
blotting analysis of these protein kinases re-
vealed interesting changes in their expression
patterns during development of the heart. Both
Sek1 and Mkk3 increased in expression in the
aging heart, whereas no changes in JNKs and
p38 Hog were evident (Figs 6 & 7). Since both of
these signaling pathways are activated by vari-

ous cellular stresses including ischemia, their
up regulation during development may play a
role in age-specific responses of the stimuli,
such as less tolerance to ischemia or hypoxia in
adult as compared to neonatal heart. In several
non-hemopoietic cells or tissues, the activation
of JNK or p38 Hog is implicated in cell death. In
addition, the activation of p38 Hog has been
suggested to be involved in the mechanism for
preconditioning of the heart, protecting dam-
age from prolonged ischemia by previous tran-
sient ischemia. Presently, little information is
available regarding the differences in precondi-
tioning in between neonatal and adult heart,
but the up-regulated expression of these signal-
ing pathways may indicate a substantial role in
adult heart.
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