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Increased activity of Ser/Thr protein phosphatases types 1
(PP1) and 2A (PP2A) during maladaptive cardiac hypertrophy
contributes to cardiac dysfunction and eventual failure, partly
through effects on calcium metabolism. A second maladaptive
feature of pressure overload cardiac hypertrophy that instead
leads to heart failure by interfering with cardiac contraction
and intracellular transport is a dense microtubule network
stabilized by decoration with microtubule-associated protein 4
(MAP4). In an earlier study we showed that the major determi-
nant of MAP4-microtubule affinity, and thus microtubule net-
work density and stability, is site-specific MAP4 dephosphor-
ylation at Ser-924 and to a lesser extent at Ser-1056; this was
found to be prominent in hypertrophied myocardium. There-
fore, in seeking the etiology of this MAP4 dephosphorylation,
we looked here at PP2A and PP1, as well as the upstream p21-
activated kinase 1, in maladaptive pressure overload cardiac
hypertrophy. The activity of each was increased persistently
during maladaptive hypertrophy, and overexpression of PP2A
or PP1 in normal hearts reproduced both the microtubule net-
work phenotype and the dephosphorylation of MAP4 Ser-924
and Ser-1056 seen in hypertrophy. Given the major microtu-
bule-based abnormalities of contractile and transport function
in maladaptive hypertrophy, these findings constitute a second
important mechanism for phosphatase-dependent pathology
in the hypertrophied and failing heart.

Pathological cardiac hypertrophy may be accompanied by
increased density and MAP42 decoration of the cardiomyo-
cyte microtubule network (1, 2), which causes defects in cellu-

lar contractile (3, 4) and transport (5, 6) function. We recently
have described, in pathological but not physiological cardiac
hypertrophy, site-specific dephosphorylation of three MAP4
serine residues (7); one site is in the MAP4 projection do-
main, and two are in the microtubule-binding domain. Of
these, the striking dephosphorylation at feline MAP4 Ser-924
corresponding to human MAP4 Ser-914 within the first of
the four KXGS repeats of the MAP4 microtubule-binding
domain was especially interesting, because adenoviral expres-
sion of a dephosphomimetic Ser-9243 Ala feline MAP4 mu-
tant in normal cardiomyocytes phenocopied the features of
microtubule network densification, stabilization, and MAP4
overdecoration seen in pathological cardiac hypertrophy.
Conversely, adenoviral expression of a phosphomimetic Ser-
9243 Asp feline MAP4 mutant in normal cells caused mi-
crotubule depolymerization.
This first MAP4 microtubule-binding domain KXGS motif

repeat is closely homologous to the corresponding first repeat
in the neuronal MAP Tau, with feline MAP4 Ser-924 corre-
sponding to human full-length Tau Ser-262, and it is known
that phosphorylation of both MAP4 and Tau at the respective
serine residues virtually abolishes MAP binding to microtu-
bules, with consequent microtubule network destabilization
(8, 9). Indeed, hyperphosphorylation of Tau Ser-262, leading
to aggregation of the detached Tau into neurofibrillary tan-
gles, is a hallmark of Alzheimer disease (10). These cytoskel-
etal changes are due to an increase in the relevant kinase ac-
tivity and a decrease in the relevant phosphatase activity.
Thus, it is known that in Alzheimer disease brain there is in-
creased activity of the major microtubule affinity-regulating
kinase (MARK) responsible for phosphorylating the KXGS
motifs in the microtubule-binding domain of MAPs (11). It is
also known that there is decreased activity of both PP1 and
PP2A in Alzheimer disease (12), and PP2A is the phosphatase
that controls Tau Ser-262 dephosphorylation (13, 14). The
conceptual basis for the present study, which was framed
within this context, is that microtubule changes in the hyper-
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trophied and failing heart may be caused by mechanisms sim-
ilar in kind to those causing Alzheimer disease, where a per-
sistent imbalance between phosphatase and kinase activities
causes hyperphosphorylation of Tau, which then has reduced
microtubule affinity. In contrast, however, we are hypothesiz-
ing here that in cardiac hypertrophy and failure, a persistent
but directionally opposite imbalance between phosphatase
and kinase activities could cause dephosphorylation of MAP4,
with the resultant increase in MAP4 affinity for microtubules
leading to microtubule network stabilization and
densification.
Turning first to the role of phosphatases in pathological

hypertrophy, it seemed logical to start upstream with the
multifunctional enzyme Pak1, a member of a family of pro-
teins in the small G protein signaling pathway that is activated
by Cdc42 and Rac1, because there is evidence in the heart that
activation of Pak1 is linked to activation of PP2A (15). That is,
Pak1 is known to form a heterodimeric complex with PP2A,
and upon activation of Pak1, PP2A is known to undergo au-
todephosphorylation and activation (15). In addition, whereas
PP1 activity is regulated by multiple inputs, activation of
PP2A, as is the case with PP2B, may indirectly activate PP1 via
PP2A-mediated inactivation (10, 16) of the endogenous PP1
inhibitor, I-1 (17). Further, upstream agonists that initiate
Cdc42 and Rac1 signaling cascades are involved in cardiac
hypertrophy (15), and there is early evidence from others (18)
that Pak1 is activated as an initial response to cardiac pressure
overloading. Thus, whereas multiple inputs activate both PP1
and PP2A, a Pak1-based cascade is an attractive initial candi-
date to examine in exploring hypertrophic activation of these
two phosphatases. Turning next to the obverse, the role of
kinases, we elected to examine here the quantity and activity
of MARK2, because this member of the MARK family of ki-
nases is abundant in the heart (11), and it has as a target the
serine within the KXGS motif of the first microtubule-binding
domain repeat of both Tau and MAP4 (8, 11). Taken together,
the findings of the present study examining the relevant phos-
phatase and kinase activities support a predominant role of
Pak1-driven activation of PP2A and to a lesser extent activa-
tion of PP1 in the site-specific MAP4 dephosphorylation that
appears to be responsible for the microtubule network
changes characteristic of pathological cardiac hypertrophy.

EXPERIMENTAL PROCEDURES

Right Ventricular Pressure Overloading—Pressure overload
hypertrophy of the feline right ventricle (RV) without associ-
ated RV failure was created as before (19, 20) by placement of
a 3.5-mm-inner diameter pulmonary artery band (PAB). The
normally loaded left ventricle (LV) served as a same-animal
control. Because the RV mass increase stabilizes by �4 weeks
after a step increase in load (21), at 2 or 4 weeks after surgery,
the intravascular pressures were measured in these and in
normal control cats; the values in the systemic circulation
were the same for all groups.
Transgenic Mice—Three strains of transgenic mice were

used in this study. The first mouse, from U. Gergs and J. Neu-
mann, has cardiac-restricted overexpression of catalytic sub-
unit � of PP2A (PP2Ac�) driven by the �-myosin heavy chain

promoter; in this mouse, cardiac expression of PP2Ac� is in-
creased 2.1-fold, and PP2A activity is increased 1.7-fold (22).
The second mouse, from A. A. DePaoli-Roach, has cardiac-
restricted overexpression of catalytic subunit � of PP1
(PP1c�) driven by the �-myosin heavy chain promoter; in this
mouse, cardiac expression of PP1c� is increased 3.5-fold, and
PP1 activity is increased 2.8-fold (23). The third mouse from
this laboratory has cardiac-restricted overexpression of MAP4
driven by the �-myosin heavy chain promoter (24); for the
purposes of the present study we used a strain having a very
high, �20-fold level of MAP4 overexpression. For both mice
and cats, all of the operative procedures were carried out un-
der full surgical anesthesia; all of the procedures and the care
of the animals were in accordance with institutional
guidelines.
Adenoviruses—Three replication-deficient recombinant

adenoviruses were used in this study. The first, AdPak1, was a
generous gift from R. J. Solaro (25); it encodes constitutively
active Pak1. The second, AdKDPak1, was a generous gift from
Q. Liang (18); it encodes kinase-dead Pak1-K299R. The third,
AdI-1, was a generous gift from R. J. Hajjar (23); it encodes
constitutively active PP1 I-1, an endogenous inhibitor of PP1
(17).
Immunoblots—For MAP4, myocardial samples were ho-

mogenized in a high salt buffer (100 mM Tris-HCl, pH 7.4, 10
mM EGTA, 0.35 M NaCl), immediately put on ice for 20 min,
boiled, and centrifuged at 16,000 � g at 4 °C for 30 min. SDS-
PAGE was carried out on the supernatants with equal protein
loading for each sample using a pre-cast 3–8% gradient Tris
acetate gel (NuPAGE; Invitrogen). Isolated cardiomyocyte
samples were prepared in the same way with the exception
that 1% Nonidet P-40 was added to the high salt buffer. Sepa-
rated proteins were transferred to polyvinylidene difluoride
membranes (Immobilon; Millipore), incubated overnight with
a 1:5000 dilution of our MAP4 antibody (24), incubated with
peroxidase-labeled secondary antibody for 1 h at room tem-
perature, and visualized via enhanced chemiluminescence
(DuPont).
For the tubulin heterodimer and microtubule fractions, the

samples were homogenized in a microtubule stabilization
buffer (3, 26) (1% Nonidet P-40, 50% glycerol, 5% Me2SO, 0.5
mM GTP, 10 mM Na2HPO4, 0.5 mM EGTA, 0.5 mM MgSO4,
25 mM Na4P2O7). Protease and phosphatase inhibitor cock-
tails were included in this buffer, and the lysate was centri-
fuged at 100,000 � g at 25 °C for 20 min. This supernatant
was saved as the tubulin heterodimer fraction. The pellet was
resuspended in 1% SDS buffer and boiled for 5 min to dissolve
the pellet. This was saved as the microtubule fraction. The
tubulin heterodimer and microtubule fractions were each
mixed with an equal volume of SDS sample buffer and boiled
for 3 min. For subsequent gel electrophoresis, to compare the
amount of tubulin in the heterodimer versusmicrotubule
fraction of a given sample, an equal proportion of the two
fractions from the same sample, based on a BCA assay, was
applied.
For immunoblots using our non-Ser(P)-924 MAP4 and

non-Ser(P)-1056 MAP4 antibodies, employed here as before
(7) to estimate the extent of MAP4 dephosphorylation at
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these two sites, the samples were homogenized in a 50 mM

Tris buffer containing 0.5% Nonidet P-40, 150 mM NaCl, 50
mM NaF, and 1 mM Na3VO4; pH was adjusted to 7.2. A prote-
ase inhibitor mixture (catalog number P8340; Sigma), as well
as phosphatase inhibitor cocktails 1 (catalog number P2850;
Sigma) and 2 (catalog number P5726; Sigma) and 1 mM DTT
were added to the buffer just before use. The lysate was cen-
trifuged at 16,000 � g at 4 °C for 15 min to remove insoluble
protein. SDS-PAGE was carried out after equal BCA-based
protein loading for each sample using pre-cast 3–8% gradient
Tris acetate gels (NuPAGE; Invitrogen). Separated proteins
were transferred to polyvinylidene difluoride membranes (Im-
mobilon; Millipore), which were blocked with 1� Animal-
Free Blocker (catalog number SP-5030; Vector Laboratories)
and incubated overnight at 4 °C with a 1:1000 dilution of our
anti-non-Ser(P)-924 MAP4 or anti-non-Ser(P)-1056 MAP4
primary antibody (7). After incubating with biotinylated sec-
ondary antibody, specific protein bands were detected using
horseradish peroxidase in conjunction with enhanced
chemiluminescence.
Immunofluorescence Confocal Microscopy—The cells were

fixed and stained as described previously (4). Briefly, cardio-
myocytes plated on coverslips were permeabilized for 1 min in a
1% Triton X-100 buffer containing 2 mM EGTA, 0.1 mM

EDTA, 1 mM MgSO4, and 100 mM MES, pH 6.75. They were
then rinsed three times in the same buffer with no detergent
and fixed in 3.7% formaldehyde in this same buffer for 30 min.
After each coverslip was blocked with 10% donkey serum in
0.10 M glycine in PBS for 30 min at room temperature, the
cells were incubated at 4 °C overnight in a 1:200 dilution of
primary antibody in 2% normal donkey serum in PBS. After
being washed three times with PBS, the cells were incubated
at room temperature for 2 h in a 1:200 dilution of fluorescein-
conjugated secondary antibody in 2% normal donkey serum
in PBS. Optical sections (0.1 �m) were acquired using a Zeiss
LSM510META confocal microscope equipped with a 30-mil-
liwatt argon laser (458, 477, 488, and 514 nm), a 1-milliwatt
helium-neon laser (543 nm), a 5-milliwatt helium-neon laser
(633 nm), and a Plan-Apochromat 63�/1.40 differential inter-
ference contrast objective to obtain high resolution images.
Adobe Photoshop� 7.0 software was used for superimposing
the laser channels and for cropping and rotating images. To
derive semiquantitative data from cardiomyocyte micro-
graphs, the “Lasso” tool in Adobe Photoshop� 7.0 software
was used to outline the cell boundary, and the mean pixel in-
tensity within this boundary was then determined using the
“Histogram” tool.
Pak1 Activity—To examine this, we took advantage of the

fact that phosphorylation of Pak1 at Thr-423, a conserved
threonine in the activation loop, induces and is essential for
Pak1 activity (27, 28). It is also known that multiple hyper-
trophic agents and growth factors activate myocardial Pak1 as
determined by phosphorylation of Pak1 at Thr-423 (18).
Therefore, we examined both total and active Pak1 via myo-
cardial immunoblots prepared with an antibody to total Pak1
(anti-Pak1, sc-881; Santa Cruz Biotechnology) and an anti-
body to active Pak1 (anti-Thr(P)-423 Pak1, 2601A; Cell Sig-
naling) (18).

PP2A Activity—This was determined as reported elsewhere
(29) using a PP2A immunoprecipitation assay system (catalog
number 17-313; Upstate Biotech) that measures free phos-
phate with a malachite green dye. Total protein from isolated
feline cardiomyocytes or from the RVs and LVs of control and
PAB cats was extracted with lysis buffer (50 mM Tris-HCl, 1%
Triton X-100, 150 mM NaCl, pH 7.4) containing a 1% pro-
tease inhibitor mixture (catalog number P8340; Sigma). To
immunoprecipitate PP2A, lysates containing 200 �g of pro-
tein were incubated with 4 �g of anti-PP2A-C subunit anti-
body (catalog number 05-421; Upstate Biotech) and 40 �l of
protein A-agarose slurry for 2 h at 4 °C with constant rocking.
The immunoprecipitates were washed three times in Tris-
buffered saline and once with Ser/Thr phosphatase assay
buffer (50 mM Tris-HCl, pH 7.0, 100 �M CaCl2) and resus-
pended in 20 �l of Ser/Thr assay buffer. The reaction was ini-
tiated by the addition of 60 �l of phosphopeptide substrate
(750 mM) (KRpTIRR). Following incubation for 10 min at
30 °C in a shaking incubator, the reaction mixture was centri-
fuged briefly, and the supernatant was transferred to a 96-well
microtiter plate. Malachite green phosphate detection solu-
tion was added to each well, and after 15 min at room temper-
ature, any free phosphate was quantified by measuring the
absorbance of the mixture at 650 nm using a microplate
reader; absorbance values of negative controls containing no
enzyme were subtracted from the experimental values. All of
the reactions for this study were performed under conditions
that ensured that substrate was not limiting and dephosphor-
ylation of substrate was linear.
PP1 Activity—Protein Ser/Thr phosphatase activity of PP1

was determined as reported elsewhere (30) using the PSP as-
say system (catalog number P0780S; New England Biolabs).
Total protein from isolated feline cardiomyocytes or from the
RVs and LVs of control and PAB cats was extracted with lysis
buffer (50 mM Tris-HCl, 1% Triton X-100, 150 mM NaCl, pH
7.4); 10 �l of the protein fraction (1 �g protein/�l) was used
for the phosphatase activity assay. The assays were performed
in 50 �l of a buffer (50 mM Tris-HCl, 0.1 mM Na2EDTA, 5 mM

DTT, 5 mM caffeine, 0 °C). The PP1 activity was measured
with 32P-labeled myelin basic protein as a substrate in the
presence of either 4 nM okadaic acid to block PP2A activity or
1 �M okadaic acid to block both PP1 and PP2A activity, as has
been done before using these okadaic acid concentrations in
tissue extracts (23). Thus, PP1 activity was calculated from
okadaic acid-sensitive protein phosphatase activity by deduct-
ing phosphatase activity with 1 �M okadaic acid from activity
with 4 nM okadaic acid. The reaction was initiated by adding
32P-labeled myelin basic protein as a substrate to a final con-
centration of 10 �M and incubated at 30 °C for 10 min. The
reaction was terminated by the addition of 200 �l of 20% tri-
chloroacetic acid, cooled on ice for 5 min, and centrifuged;
200 �l of the trichloroacetic acid supernatant was used to
count the released 32P in the assay. Radioactivity was mea-
sured by scintillation counting. Dephosphorylation of 32P-
myelin basic protein was measured within the linear range,
and substrate remained at a saturating concentration during
all of the reactions performed for this study.
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Determining the Effects of Transgenic Cardiac Overexpres-
sion of PP2A and PP1—Ventricular cardiomyocytes were iso-
lated as before (4) via enzymatic coronary artery perfusion
from the hearts of 4-month-old male mice that were either
wild-type or had cardiac-restricted overexpression of PP2Ac�
(22) or PP1c� (23). The cells were plated on laminin-coated
culture dishes containing MEM (Invitrogen). Drug treatment
or adenovirus-directed gene transfer was begun after the cells
were cultured for 1 h to achieve substrate attachment. To test
the specificity of any PP2A effect on polymerized tubulin
amount and microtubule network density, 10 nM okadaic acid
(Sigma) was added to the culture dishes and incubated for 8 h
at 37 °C under 5% CO2 before the cells were used for experi-
mentation. This duration and concentration of okadaic acid
exposure is reported to inhibit PP2A but not PP1 in cultured
cells (31), and it did not cause either spontaneous contrac-
tions or other signs of cytotoxicity in the treated cardiomyo-
cytes. To test the specificity of any PP1 effect on polymerized
tubulin amount and microtubule network density, the car-
diomyocytes were infected at a multiplicity of infection of 1
for 24 h with AdI-1, an adenovirus encoding constitutively
active PP1 I-1 (23), an endogenous inhibitor of PP1 (17). The
cells were then rinsed and incubated for a further 24 h to per-
mit transgene expression. This did not cause either spontane-
ous contractions or other signs of cytotoxicity in the trans-
fected cardiomyocytes.
MARK2 Activity—MARK2 activity was determined using

methods described previously (32). Total protein from the
RVs and LVs of control and PAB cats was extracted with lysis
buffer (50 mM Tris-HCl, 1% Triton X-100, 150 mM NaCl, pH
7.4) containing a protease inhibitor mixture (catalog number
P8340; Sigma) as well as phosphatase inhibitor cocktails 1
(catalog number P2850; Sigma) and 2 (catalog number P5726;
Sigma). To immunoprecipitate MARK2, lysates containing
400 �g of protein were incubated at 4 °C for 2 h on a shaking
platform with 10 �g of anti-C-TAK1 antibody (catalog num-
ber 05-680; Millipore), which had been conjugated previously
to 40 �l of protein G-Sepharose. The immunoprecipitates
were washed two times in lysis buffer and once with assay
buffer (50 mM Tris-HCl, 20 mM magnesium acetate, pH 7.4).
Incorporation of 32P into the minimal kinase substrate
AMARA peptide (AMARAASAAALARRR) (33) was deter-
mined by the addition of 50 �l of 20 mM magnesium acetate,
100 �M ATP, 100 �M [�-32P]ATP (�200 cpm/pM), and 200
�M AMARA peptide (catalog number 62596; AnaSpec). After
incubation for 10 min at 30 °C in a shaking incubator, the re-
action mixture was centrifuged briefly, and the 40-�l superna-
tants were transferred onto p81 Whatman membranes. These
membranes were washed in 0.75% phosphoric acid, and the
incorporated radioactivity was measured by scintillation
counting. Because the MARK2 activity assay was done in im-
munoprecipitated samples from tissue lysates, it was not pos-
sible to express activity/mg of protein. Thus, we determined
the relative activity by subtracting counts incorporated in as-
says of nonimmune immunoprecipitates from gross counts to
determine net cpm, and the ratio of RV cpm/LV cpm was
used as the index of MARK2 activity.

RESULTS

Characteristics of the Experimental Animals—The time-de-
pendent percentage increases after PAB in RV systolic pres-
sure and RV mass in adult cats of random sex weighing 2.4–
3.6 kg are given in Table 1. In no case was there an increase in
RV end diastolic pressure or any other evidence of congestive
heart failure. In all cases for all groups, the mass of the nor-
mally loaded same-animal control LV was unchanged.
Pak1 Level and Activity in Normal and Hypertrophied

Myocardium—For this experiment, the quantity and activity
of Pak1 were examined in the RV and LV of a control cat and
PAB cats at specified times after RV pressure overloading. As
shown in the top panel of Fig. 1, immunoblotting with a Pak1
antibody showed that there was a moderate increase to a rela-
tively constant greater level in the quantity of RV Pak1 at 24 h
to 10 weeks after RV pressure overloading. As shown for the
same samples in the bottom panel of Fig. 1, there was an in-
crease in RV Thr(P)-423 Pak1, a marker of Pak1 activity, after
RV pressure overloading that was persistent and apparently
progressive. These results were confirmed in two additional
control cats and PAB cats at each time point. Thus, as shown
by the values for RV pPak1/RV Pak1 given in the figure leg-
end, comparison of the top and bottom panels of Fig. 1 indi-
cates that the proportion of the total Pak1 that is phosphory-
lated and thus presumably active is increased when
hypertrophy is well established at 2 weeks (21) as well as at 10
weeks after PAB. That is, RV Pak1 activation persists well af-
ter the 2 weeks of hypertrophic growth that follows pulmo-
nary artery banding (21), which is a step increase in RV load.
Pak1 Effects on the Cardiac Microtubule Network—To de-

termine whether increased Pak1 activity has an effect on the
extent of cardiomyocyte microtubule polymerization inde-
pendent of other biochemical or mechanical input, normal
adult feline isolated cardiomyocytes were transfected with
AdPak1, an adenovirus encoding constitutively active Pak1
(25), and studied 2 days later. Fig. 2 shows that in the AdPak1-
infected cells there was an increased proportion of tubulin in
the microtubule fraction in immunoblots of cellular homoge-
nates and increased density of the cardiomyocyte microtubule
network in confocal micrographs. The immunoblots in sup-
plemental Fig. S1 show that these effects are Pak1-specific.
Pak1 Effects on PP2A and PP1 Activity—To ascertain

whether our proposal of a Pak1-based cascade leading to acti-
vation of PP2A and PP1 during cardiac hypertrophy is reason-
able, normal adult feline isolated cardiomyocytes were trans-
fected with an adenovirus encoding constitutively active Pak1

TABLE 1
Percentage increase in RV pressure and mass after pulmonary artery
banding
The values are the means � S.E.; n � 5 at each time point.

Time after
PAB

Percentage increase in
RV systolic pressure

Percentage increase in
RV mass (RV/body weight)

mmHg g/kg
24 h 82 � 13 16 � 9
48 h 113 � 26 38 � 3
1 week 143 � 34 59 � 16
2 weeks 160 � 20 76 � 5
4 weeks 174 � 14 85 � 12
10 weeks 186 � 22 69 � 14
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(25) and studied 3 days later. Parallel control cultures were
either uninfected or infected at the same multiplicity of infec-
tion with Ad�-gal. Fig. 3A shows that the activity of each
phosphatase was increased in the cells infected with AdPak1,
whereas the immunoblots in Fig. 3B show that the quantity of
PP2A and PP1 was invariant in these three groups of cells. Of
interest, the absolute phosphatase activity shown here for
PP2A and PP1 in normal feline, predominantly LV cardiom-
yocytes is quite similar to that reported below in normal feline
RV myocardium.
PP2A and PP1 Level and Activity in Normal and Hypertro-

phied Myocardium—As shown in Fig. 4A, there was no hy-
pertrophy-related change in the level of either PP2A or PP1 in
the hypertrophied RV as compared with either the same-ani-
mal normally loaded LV or the normal control RV or LV at
any of the times after RV pressure overloading that were ex-
amined. However, as shown in Fig. 4B, there was a striking
decrease in the inactive forms of both PP2A and PP1 in the
pressure-overloaded RVs at times greater than 48 h after
PAB. That is, despite an unchanged quantity of both PP2A
and PP1, there are decreases in both the inactive Tyr-307-
phosphorylated form of PP2A (34, 35) and the inactive Thr-
320-phosphorylated form of PP1 (36, 37). Thus, as would be
expected, Fig. 5 shows that in the PAB model of pathological
RV hypertrophy, there was a persistent increase in the activity
of each of the two major cardiac phosphatases, PP2A and PP1,
when measured as the ratio of RV/LV activity in the same
myocardial samples as those used to prepare the immunob-
lots shown in the previous figure.
In terms of absolute RV phosphatase activity (nmol phos-

phate/mg protein/min), the values for PP2A ranged from

0.57 � 0.16 for the normal control RVs to 1.80 � 0.03 for the
10 weeks PAB RVs (a 216% increase), and for PP1 they ranged
from 0.59 � 0.05 for the normal control RVs to 0.91 � 0.07
for the 10 weeks PAB RVs (a 54% increase); absolute same-
animal LV PP2A and PP1 activities were statistically invariant
during RV hypertrophy. Thus, the percentage increase in ab-
solute RV phosphatase activity from the respective control
was 4-fold greater for PP2A than it was for PP1. Importantly,
as was the case for Pak1 activation, RV activation of PP2A and
PP1 does not decrease after the period of active RV hyper-
trophic growth is complete. It is also important to note that
increased phosphatase activity is a characteristic of pathologi-
cal rather than physiological cardiac hypertrophy, because for
our atrial septal defect model of physiological hypertrophy in
which MAP4 dephosphorylation is not seen (7), the ratio of
RV/LV phosphatase activity at 4 weeks after atrial septostomy
in five cats was 1.11 � 0.07 for PP2A and 1.09 � 0.06 for PP1
(means � S.E., p was not significant versus control by un-
paired Student’s t test in each case).
PP2A and PP1 Effects on the Cardiac Microtubule Network

Density—To determine whether increased PP2A or PP1 activ-
ity has an effect on the extent of cardiomyocyte microtubule
polymerization independent of other biochemical or mechan-
ical input, cardiomyocytes isolated from mice with cardiac-
restricted overexpression of PP2Ac� (22) or PP1c� (23) were
studied. Fig. 6 shows that in cardiomyocytes isolated from the
PP2Ac�-overexpressing mouse, there was an increased pro-
portion of tubulin in the microtubule fraction in immunob-
lots of cellular homogenates and increased density of the car-
diomyocyte microtubule network in confocal micrographs. In
addition, these changes were reversed by 8 h of exposure of

FIGURE 1. Myocardial total Pak1 and active Pak1 phosphorylated on Thr-423. These immunoblots were prepared from myocardial homogenates from
the RV and LV of control cats and RV pressure-overloaded cats at the specified times after PAB. The blots were prepared using a polyclonal anti-Pak1 (�-Pak)
antibody (sc-881; Santa Cruz Biotechnology), a polyclonal anti-Thr(P)-423 Pak1 antibody (catalog number 2601S; Cell Signaling), and, as a loading control, a
monoclonal anti-GAPDH antibody (clone 6C5; Upstate Biotech). For three experiments such as that shown here, the densitometric ratio of RV/LV Pak1 was
1.32 � 0.02 for control, 1.72 � 0.03 for 24-h PAB, 1.71 � 0.02 for 48-h PAB, 1.70 � 0.02 for 2-week PAB, and 1.77 � 0.03 for 10-week PAB. For the ratio of
RV/LV p-Pak1, these values were 1.00 � 0.05 for control, 1.17 � 0.09 for 24-h PAB, 1.83 � 0.13 for 48-h PAB, 2.45 � 0.25 for 2-week PAB, and 2.96 � 0.20 for
10-week PAB. For the ratio of RV pPak1/RV Pak1, these values were 1.20 � 0.31 for control, 0.81 � 0.34 for 24-h PAB, 1.05 � 0.30 for 48-h PAB, 2.05 � 0.37
for 2-week PAB, and 1.94 � 0.39 for 10-week PAB.
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the cardiomyocytes to 10 nM okadaic acid. This fact, together
with data in supplemental Fig. S2 validating the relative selec-
tivity of 10 nM okadaic acid for PP2A as opposed to PP1 ef-
fects on cardiomyocyte microtubules, suggests that these mi-
crotubule network changes are related specifically to
increased PP2A activity. Fig. 7 shows similar data for car-
diomyocytes isolated from the PP1c�-overexpressing mouse.
Here too there was an increased proportion of tubulin in the
microtubule fraction in immunoblots of cellular homogenates
and increased density of the cardiomyocyte microtubule net-
work in confocal micrographs. These changes were reversed
in cardiomyocytes transfected with AdI-1, suggesting that
these microtubule network changes are related specifically to
increased PP1 activity.
PP2A and PP1 Effects on the Cardiac Microtubule Network

Stability—Because increased microtubule stability is a promi-
nent feature of pressure-overloaded myocardium (38) such as
that studied here and because we have attributed this to in-
creased binding of dephosphorylated MAP4 to microtubules,
the potential role of increased phosphatase activity in this
cytoskeletal alteration was assessed in terms of measures of
microtubule drug resistance and microtubule age. For the

measure of microtubule drug resistance, we took advantage of
the fact that colchicine binding to microtubule-incorporated
�-tubulin prevents the ��-tubulin heterodimers that disas-
semble from dynamic microtubules from reassembling, such
that microtubule network density after colchicine exposure is
a function of microtubule stability. Because we had deter-
mined that parenteral colchicine at a dosage of 0.50 mg/kg
intraperitoneally given 4 h before sacrifice causes essentially
complete microtubule depolymerization in the normal mu-
rine heart in vivo (4), we repeated this protocol in control
mice and in mice having cardiac-restricted overexpression of
PP2Ac� (22), PP1c� (23), or MAP4 (24). The confocal micro-
graphs in Fig. 8A show that in cardiomyocytes isolated from
these four groups of mice, base-line microtubule network
density is greater than control in all three experimental
groups and that this is also true after parenteral colchicine
administration; note that the post-colchicine microtubule
persistence is especially prominent in cardiomyocytes from
the PP2Ac�-overexpressing mice. Note also that the in-
creased microtubule network density and stability in the
PP2Ac�- and PP1c�-overexpressing mice do not appear to be
simply the result of greater MAP4 quantity. As shown in the

FIGURE 2. Cardiomyocyte free and polymerized tubulin after AdPak1 infection. These confocal micrographs and immunoblots were prepared from
cultured quiescent adult feline cardiomyocytes infected 48 h earlier with AdPak1, an adenovirus encoding constitutively active Pak1, at a multiplicity of in-
fection of �1. Control cells were infected at the same multiplicity of infection with Ad�Gal, an adenovirus encoding bacterial �-galactosidase, and addi-
tional controls for these adenovirus infection data are provided in supplemental Fig. S1. The greater microtubule network density and concentration of po-
lymerized tubulin in the AdPak1-infected cells is apparent. A monoclonal anti-�-tubulin antibody (clone DM-1B; Abcam) was used for the micrographs and
immunoblots, and for the immunoblot loading control, a monoclonal anti-GAPDH antibody (clone 6C5; Upstate Biotech) was used for the same samples as
used for free tubulin. The number inset into each micrograph gives the mean pixel intensity (white level) of the microtubule network within the boundary of
that cell; each micrograph is a single 0.1-�m confocal section taken at the level of the nuclei. For this and two other immunoblots, the densitometric ratio of
AdPak1/control signals was 0.96 � 0.05 for free tubulin and 2.19 � 0.13 for polymerized tubulin. Scale bar, 20 �m.
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immunoblot in Fig. 8B, in these mice there is a 2–3-fold in-
crease in total MAP4, presumably caused by dephosphoryla-
tion-driven MAP4 binding to and stabilization of microtu-
bules. However, the base-line and post-colchicine
micrographic microtubule network changes in cardiomyo-
cytes from these mice are at least as striking as those in car-
diomyocytes fromMAP4-overexpressing mice having an
�20-fold increase in MAP4 expression. Finally, the immuno-
blots in supplemental Fig. S3 confirm the findings regarding
microtubule colchicine resistance shown in Fig. 8 in terms of
the levels of free and polymerized tubulin in the same four
groups of identically treated mice.
Turning next in Fig. 9 to a measure of intrinsic microtubule

age in vivo, we took advantage of the fact that after ��-tubu-

lin heterodimer assembly into microtubules, the �-tubulin
moiety undergoes two sequential time-dependent post-trans-
lational changes: reversible carboxyl-terminal detyrosination
(Tyr-tubulin7 Glu-tubulin) and then irreversible deglutami-
nation (Glu-tubulin3 �2-tubulin), such that Glu-tubulin and
�2-tubulin are intrinsic markers for long-lived, stable micro-
tubules (38, 39). The immunoblots in Fig. 9, prepared using
our peptide antibodies for Tyr-, Glu-, and �2-tubulin (38),
show that the apparent average age of the microtubules is
greater than control in all three experimental groups. Thus,
the net effect on microtubule properties is apparently similar
when the native MAP4 pool exists in the persistently high
phosphatase environment of the PP2Ac�- or PP1c�-overex-
pressing heart and when a greatly augmented MAP4 pool ex-

FIGURE 3. Cardiomyocyte PP2A and PP1 activity and quantity after AdPak1 infection. The feline cardiomyocytes used for these assays were either un-
infected (control) or infected with AdPak1 or Ad�-gal 72 h earlier. A, PP2A activity was measured using an immunoprecipitation assay kit (catalog number
17-313; Upstate Biotech) as described under “Experimental Procedures.” PP1 activity was determined using the PSP assay system (catalog number P0780S;
New England Biolabs), as is also described under “Experimental Procedures.” B, these immunoblots were prepared from the same cardiomyocyte lysates
used for the PP2A and PP1 activity assays. The blots were prepared using a polyclonal anti-Pak1 (�-Pak) antibody (sc-881; Santa Cruz Biotechnology), a
monoclonal antibody to the catalytic subunit of PP2A (clone 1D6; Upstate Biotech), a monoclonal antibody to PP1 (clone E-9; Santa Cruz Biotechnology),
and, as the loading control, a monoclonal antibody to GAPDH (clone 6C5; Upstate Biotech). *, p � 0.05 by one-way ANOVA with Bonferroni post hoc
analysis.
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ists in the likely normal phosphatase environment of the
MAP4-overexpressing heart, wherein presumably there are
increases in both phospho- and dephospho-MAP4.
Activity of PP2A and PP1 at the Ser-924 and Ser-1056 Sites

of MAP4—An important mechanistic question is whether
increased activity of PP2A and/or PP1 in otherwise normal
hearts reproduces the MAP4 dephosphorylation at these two
sites that we see in the biologically complex setting of cardiac
hypertrophy (7). We addressed this question using our anti-
bodies for non-Ser(P)-924 MAP4 and non-Ser(P)-1056 MAP4
whose specificity was validated in our previous study (Fig. 4 in
Ref. 7). Fig. 10A shows that dephosphorylation at these two
MAP4 sites does in fact occur in the hearts of both the
PP2Ac�- and PP1c�-overexpressing transgenic mice. Further,
because the activities of PP2A and PP1 are differentially regu-
lated and because MAP4 dephosphorylation at Ser-924 and to

a lesser extent at Ser-1056 increasesMAP4-microtubule binding
during pressure overload cardiac hypertrophy (7), it was of
interest to know whether there is a different sensitivity of ei-
ther MAP4 site to the dephosphorylating activity of these two
phosphatases. Although Fig. 10A would suggest initially that
such is the case, Fig. 10B shows that when protein loading is
adjusted to account for the differing activities of PP2A and
PP1 relative to control in transgenic mice overexpressing the
respective phosphatases (22, 23), cardiac MAP4 dephosphor-
ylation activity at Ser-924 and Ser-1056 is actually equivalent
in the control and each of the transgenic mice. Thus, whereas
the lesser myocardial phosphatase activity of PP2Ac�-overex-
pressing as opposed to PP1c�-overexpressing transgenic mice
has some bearing on the data in Figs. 6–9, the reason that
PP2A seems to be more important than PP1 in the setting of
myocardial hypertrophy is simply that, as shown in Fig. 5, the

FIGURE 4. Myocardial levels of total and inactive PP2A and PP1 after RV pressure overloading. Myocardial homogenates used for all of these blots
were prepared from the same-animal RVs and LVs at the indicated times after hypertrophy induction via PAB. A, levels of total PP2A and PP1. The antibodies
used for these blots were a monoclonal antibody to the catalytic subunit of PP2A (clone 1D6; Upstate Biotech), a monoclonal antibody to PP1 (clone E-9;
Santa Cruz Biotechnology), and, as the loading control, a monoclonal antibody to GAPDH (clone 6C5; Upstate Biotech). The densitometric ratio of RV/LV
PP2A and PP1 signals in this and two other sets of immunoblots did not differ more than 10% from unity at any time point. B, levels of inactive PP2A and
PP1. The antibodies used for these blots were a phosphopeptide antibody to inactive PP2A Tyr(P)-307 (clone E155; Epitomics), a phosphopeptide antibody
to inactive PP1 Thr(P)-320 (clone EP1512Y; Epitomics), and, as the loading control, a monoclonal antibody to GAPDH (clone 6C5; Upstate Biotech). In this
and one other PP2A Tyr(P)-307 blot, the average ratio of pressure-overloaded RV/control RV was 0.77 for the 24-h RV, 0.47 for the 48-h RV, 0.36 for the
2-week RV, 0.50 for the 4-week RV, and 0.39 for the 10-week RV; in this and one other PP1 Thr(P)-320 blot, the average ratio of pressure-overloaded RV/con-
trol RV was 0.81 for the 24-h RV, 0.60 for the 48-h RV, 0.46 for the 2-week RV, 0.43 for the 4-week RV, and 0.45 for the 10-week RV.
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level of RV PP2A phosphatase activity is much greater than
the level of PP1 activity.
MARK2 Level and Activity in Normal and Hypertrophied

Myocardium—Turning finally to the kinase side of the regula-
tion of MAP4 phosphorylation, this was examined to assess
the potential contribution of the MARKs, a subset of the fam-
ily of AMP-activated protein kinases (40), to increased affinity

of MAP4 for microtubules in hypertrophied myocardium.
The four MARKs, which share a highly conserved amino-
terminal catalytic domain, were discovered as novel Ser/Thr
kinases that phosphorylate the KXGS repeats within the mi-
crotubule-binding domain of the MAPs, including MAP4,
thereby regulating MAP-microtubule affinity (8, 9, 41). Of
these, MARK2 expression is especially prominent in the heart

FIGURE 5. Myocardial activity of PP2A and PP1 after RV pressure overloading. Myocardial homogenates for these assays were prepared from the same
animals as those used to prepare the immunoblots in Fig. 4. A, PP2A activity was measured using an immunoprecipitation assay kit (catalog number 17-313;
Upstate Biotech) as described under “Experimental Procedures.” B, PP1 activity was determined using the PSP assay system (catalog number P0780S; New
England Biolabs), as is also described under “Experimental Procedures.” *, p � 0.05 by one-way ANOVA with Bonferroni post hoc analysis.
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of human adults (11). Fig. 11A shows that the level of MARK2
is modestly decreased during the development of pressure
overload hypertrophy, and Fig. 11B shows that the same is
true for MARK2 activity. Indeed, the percentage of reduction
in each, which at times is greater than 1 week after PAB aver-
aged 33% for quantity and 20% for activity, is fairly similar,
such that MARK2 specific activity appears to be little if at all
affected. Further, as was the case for phosphatase activity, in
two cats having atrial septal defects for 4 weeks there was no
significant change in RV MARK2 quantity or activity (RV/LV
quantity � 1.34; RV/LV activity � 1.11). Most notably, how-
ever, it would appear that based on the rather modest de-
crease in hypertrophy-related MARK2 activity, a reduction in
MARK2-based MAP4 phosphorylation is unlikely to play a
major role in the pressure overload hypertrophy-related
MAP4 dephosphorylation that we have described (7).

DISCUSSION

In our previous report (7), we showed that site-specific
MAP4 dephosphorylation occurs in pathological myocardial
hypertrophy when a dense, stabilized microtubule array

forms. Of special interest, there was striking dephosphory-
lation at feline MAP4 Ser-924 within the first of the four
KXGS repeats of the microtubule-binding domain, and a de-
phosphomimetic Ser-9243 Ala mutation reproduced in nor-
mal cardiomyocytes the microtubule phenotype ordinarily
seen in pathological, high wall stress hypertrophy, whereas a
phosphomimetic Ser-9243 Asp mutation caused microtu-
bule depolymerization. As shown in supplemental Fig. S4,
there is a very high degree of homology in the region of this
first KXGS repeat among full-length human Tau and MAP4
from multiple species. Because of this homology and because
microtubule destabilizing hyperphosphorylation of the hu-
man Tau Ser-262 in Alzheimer disease that corresponds to
feline MAP4 Ser-924 is regulated both by increased activity of
the relevant kinase, MARK (11), and by decreased phospha-
tase activity (12), especially of the PP2A that is primarily re-
sponsible for human Tau Ser-262 dephosphorylation (13, 14),
we framed this research within the question of whether a di-
rectionally opposite kinase/phosphatase dysregulation from
that seen in Alzheimer disease could be responsible for the
site-specific MAP4 dephosphorylation that appears to be re-

FIGURE 6. Cardiomyocyte free and polymerized tubulin in mice overexpressing PP2A. Microtubule network density and free and polymerized �-tubu-
lin in cardiomyocytes isolated from control mice, from mice having cardiac-restricted overexpression of PP2A, and the same cells treated for 8 h with 10 nM

okadaic acid. The greater microtubule network density and concentration of polymerized tubulin in the PP2A mice are returned to control by okadaic acid.
The antibody used for the confocal micrographs and tubulin immunoblots was a monoclonal anti-�-tubulin antibody (clone DM-1B; Abcam). For the immu-
noblot loading control, a monoclonal anti-GAPDH antibody (clone 6C5; Upstate Biotech) was used in the same samples as those used for free tubulin. For
the confocal micrographs, the mean pixel intensity (white level) within the boundary of each cardiomyocyte is given numerically; each micrograph is a sin-
gle 0.1-�m confocal section taken at the level of the nuclei. For this and two other immunoblots, the densitometric ratio of PP2A/control signals was 1.24 �
0.03 for free tubulin and 4.91 � 0.56 for polymerized tubulin; for PP2A � OA/control, it was 1.39 � 0.02 for free tubulin and 2.19 � 0.38 for polymerized
tubulin. Scale bar, 20 �m.
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sponsible for microtubule stabilization in pathological cardiac
hypertrophy.
We elected to begin this research by examining phospha-

tase regulation. As a first step, we went upstream to Pak1, a
reasonable candidate for hypertrophy-dependent control of
phosphatase activity. That is, there was already evidence that
activation of this multifunctional stress-related kinase is a
very early signaling response to hemodynamic cardiac over-
loading (18), and Pak1 activation would be expected to acti-
vate PP2A directly (15) and then could activate PP1 indirectly
via a PP2A-mediated decrease in the activity (10, 16) of the
endogenous PP1 inhibitor I-1 (17). As shown in Fig. 1, Pak1
quantity and especially activity are in fact significantly and
persistently increased after hypertrophy induction. Further,
Figs. 2 and 3 provide an initial indication that the events
downstream from Pak1 activation may well play a role in mi-
crotubule network densification. That is, in Fig. 2 a shift of
tubulin into the microtubule fraction is apparent both in the
micrographs and in the immunoblots after adenovirus-in-
duced Pak1 expression in normal cardiomyocytes, and Fig. 3

shows Pak1 linked to increased activity of PP2A and PP1 in
AdPak1-infected cells.
Going downstream one step, we next examined the quan-

tity and activity of PP2A and PP1 in hypertrophied myocar-
dium. As seen in Fig. 4A, there is no change in the quantity of
either phosphatase after hypertrophy induction, but Fig. 4B
shows that there is a decrease in the inactive form of both
phosphatases, i.e. one would expect the activity of both PP2A
and PP1 to be increased. Fig. 5 shows that such is the case.
There is a striking and persistent increase in PP2A activity in
hypertrophied RV myocardium compared with that in the
same-animal normally loaded LV, and this is true to a lesser
extent for PP1. Although these data certainly do not establish
a direct cause-and-effect relationship between Pak1 and phos-
phatase activities in this setting, they are very suggestive, as
reviewed elsewhere (15), of such a linkage in the myocardial
context.
In experiments analogous to that in Fig. 2, we then looked

for evidence that increased activity of these phosphatases
could be a primary etiology for the downstream events lead-

FIGURE 7. Cardiomyocyte free and polymerized tubulin in mice overexpressing PP1. Microtubule network density and free and polymerized �-tubulin
in cardiomyocytes isolated from control mice, from mice having cardiac-restricted overexpression of PP1, and the same isolated cells infected for 48 h with
AdI-1, an adenovirus encoding PP1 I-1, the endogenous inhibitor of PP1. The greater microtubule network density and concentration of polymerized tubu-
lin in the PP2A mice is returned to control by PP1 I-1 expression. The antibody used for the confocal micrographs and tubulin immunoblots was a mono-
clonal anti-�-tubulin antibody (clone DM-1B; Abcam). For the immunoblot loading control, a monoclonal anti-GAPDH antibody (clone 6C5; Upstate Bio-
tech) was used in the same samples as those used for free tubulin. For the confocal micrographs, the mean pixel intensity (white level) within the boundary
of each cardiomyocyte is given numerically; each micrograph is a single 0.1-�m confocal section taken at the level of the nuclei. For this and two other im-
munoblots, the densitometric ratio of PP1/control signals was 1.08 � 0.05 for free tubulin and 2.04 � 0.09 for polymerized tubulin; for PP1 � I-1/control, it
was 1.08 � 0.03 for free tubulin and 0.92 � 0.05 for polymerized tubulin. Scale bar, 20 �m.
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ing to microtubule network densification, as well as evidence
for the specificity of any such effect. For PP2A, Fig. 6 shows
that in cardiomyocytes isolated from the hearts of mice hav-
ing cardiac-restricted transgenic overexpression of PP2Ac�
(22), a shift of tubulin into the microtubule fraction is appar-
ent both in the micrographs and in the immunoblots. Further,
the specificity of this effect is indicated by its inhibition by a
PP2A-selective concentration of okadaic acid (31). Similarly
for PP1, Fig. 7 shows that in cardiomyocytes isolated from the
hearts of mice having cardiac-restricted transgenic overex-
pression of PP1c� (23), a shift of tubulin into the microtubule
fraction is apparent both in the micrographs and in the im-
munoblots. Further, the inhibition of this effect by adenovi-
rus-induced overexpression of PP1 I-1 in these cells indicates

that it is a PP1-specific effect. Of note, in both the PP2A- and
PP1-overexpressing mice, it is likely that the increase in car-
diomyocyte microtubules is related to phosphatase-induced
dephosphorylation and therefore microtubule binding of
MAP4, because the immunoblots in supplemental Fig. S5
show that under the conditions of Figs. 6 and 7, changes in
tubulin and MAP4 quantity track together in the microtubule
fraction of myocardial homogenates.
Because a goal here was to determine whether increased

phosphatase activity reproduces the microtubule network
features seen in pathological cardiac hypertrophy, and this
includes not only increased network density but also network
stabilization (38), we next examined this variable in both
PP2Ac�- and PP1c�-overexpressing mice. Because as shown

FIGURE 8. Cardiomyocyte microtubule network density and stability. A, confocal micrographs of cardiomyocytes isolated from the hearts of control and
colchicine-treated mice. For these micrographs, prepared using a monoclonal anti-�-tubulin antibody (clone DM-1B; Abcam), the left column shows car-
diomyocytes isolated from vehicle-treated mice, and the right column shows cardiomyocytes isolated from colchicine-treated mice (0.50 mg/kg given intra-
peritoneally 4 h before sacrifice). The mice were either normal controls or had cardiac-restricted overexpression of PP2Ac�, PP1c�, or MAP4. The number
inset in each micrograph gives the mean pixel intensity (white level) within the boundary of each cardiomyocyte. Scale bar, 20 �m. B, level of cardiac MAP4
protein. The MAP4 immunoblot, prepared using our anti-MAP4 antibody (24), and its loading control, prepared using an anti-GAPDH antibody (clone 6C5;
Upstate Biotech), show the relative level of MAP4 protein in the myocardium from WT control mice and mice with cardiac-restricted overexpression of
PP2A, PP1, or MAP4. The mean densitometric ratios for three measurements were: PP2A/control, 3.26 � 0.05; PP1/control, 2.32 � 0.02; and MAP4/control,
21.10 � 0.78.
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in the immunoblot in Fig. 8B there is a modest increase in
MAP4 quantity in the myocardium of both phosphatase-over-
expressing strains of transgenic mice, we also examined mi-
crotubule stability in hearts from mice having cardiac-re-
stricted transgenic overexpression of MAP4 (24). Fig. 8A
shows that at base line in all three transgenic mice, there is an
increase over control in microtubule network density, just as
we see in hypertrophy. However, microtubule network den-
sity among these three strains following the parenteral admin-

istration of colchicine is quite different. There is extensive
microtubule depolymerization in the control cardiomyocyte,
and this is true to only a slightly lesser extent in the MAP4
cardiomyocyte, likely reflecting the fact that despite the
marked cardiac overexpression of MAP4 in the latter mouse,
there has been no alteration that would be expected to in-
crease the MAP4-microtubule affinity that causes microtu-
bule stabilization. In striking contrast, a lesser degree of mi-
crotubule depolymerization is seen in the PP1 cardiomyocyte

FIGURE 9. Intrinsic microtubule stability. These immunoblots were prepared, using our peptide antibodies to Tyr-tubulin, Glu-tubulin, and �2-tubulin
(38), from myocardial homogenates from the same groups of mice used for Fig. 8. The increases relative to control in the post-translationally modified Glu
and �2 �-tubulin isoforms reflect greater microtubule stability in vivo, because these modifications occur only in the microtubule-assembled ��-tubulin
heterodimers (38, 39). For this and two other sets of immunoblots, for the left set of blots, the densitometric ratio of MAP4/control signals was 1.11 � 0.06
for Tyr-tubulin, 1.66 � 0.05 for Glu-tubulin, and 2.64 � 0.12 for �2-tubulin; for PP2A/control, it was 1.13 � 0.08 for Tyr-tubulin, 1.77 � 0.06 for Glu-tubulin,
and 2.55 � 0.13 for �2-tubulin. For the right set of blots the densitometric ratio of MAP4/control signals was 1.06 � 0.03 for Tyr-tubulin, 1.70 � 0.31 for Glu-
tubulin, and 2.70 � 0.51 for �2-tubulin; for PP1/control, it was 1.16 � 0.14 for Tyr-tubulin, 1.58 � 0.03 for Glu-tubulin, and 2.55 � 0.12 for �2-tubulin.

FIGURE 10. Site-specific MAP4 dephosphorylation in mice overexpressing PP2A and PP1. A, using our antibodies (7) to MAP4 that is dephosphorylated
at either Ser-924 or Ser-1056, these immunoblots were prepared from homogenates of the hearts of normal mice or mice with cardiac-restricted overex-
pression of either PP2A or PP1. These are the same transgenic mice that were used in Figs. 6 and 7, respectively. Equal protein loading as verified by Coo-
massie Blue staining was employed for each lane. B, cardiac PP2A activity is increased 1.7-fold over control in the PP2A-overexpressing mouse (22), and PP1
activity is increased 2.8-fold in the PP1-overexpressing mouse (23). Based on these data, for these two blots protein loading for PP2A and PP1 was adjusted
such that the activity of each phosphatase relative to the same-blot control was the same.
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and almost none in the PP2A cardiomyocyte. This is likely
because microtubule depolymerization after colchicine ex-
posure is caused by the colchicine-bound �-subunit of the
��-tubulin-free heterodimer inhibiting the reassembly of
tubulin heterodimers into the ordinarily dynamic inter-
phase microtubules rather than colchicine directly causing
depolymerization of preexisting microtubules (42, 43).
Thus, this is the expected result if there is a phosphatase-
induced increase in MAP4-microtubule affinity and thus
microtubule stability.
This same result is borne out at the tissue level in supple-

mental Fig. S3. The set of blots in supplemental Fig. S3A
shows that in myocardial immunoblots from the same four
groups of mice as those used to prepare the data in Fig. 8,
both MAP4 overexpression and PP2Ac� overexpression
cause at base line a shift of tubulin from the free heterodimer

fraction to the polymerized microtubule fraction and an in-
crease in total tubulin. For total tubulin, as shown before for
the MAP4 mouse (Fig. 7 in Ref. 24), and as elaborated more
generally in our previous study (7), this is likely due to feed-
back stimulation of tubulin synthesis in a setting wherein free
tubulin heterodimers are effectively being removed from their
ordinarily highly dynamic heterodimer-microtubule inter-
change by incorporation into heavily MAP4-decorated, stabi-
lized microtubules. As in Fig. 8, after parenteral colchicine
there is a relatively lesser shift of tubulin from the free to the
polymerized fraction in the MAP4 mice and an even smaller
relative shift for the PP2Ac� mice. The set of blots in supple-
mental Fig. S3B shows similar findings at base line for the
PP1c� mice, but as in Fig. 8 the post-colchicine microtubule
stabilization effect is somewhat less striking than in the
PP2Ac� mice.

FIGURE 11. Myocardial MARK2 quantity and activity. A, MARK2 and �-tubulin levels in control and PAB hearts. These immunoblots were prepared from
myocardial homogenates from the matched RVs and LVs of cats at the indicated times after PAB using a monoclonal anti-�-tubulin antibody (clone DM-1B;
Abcam), an anti-C-TAK1 antibody (catalog number 05-680; Millipore) that has equal affinity for MARK2 and MARK3 (40), and, as the loading control, a mono-
clonal anti-GAPDH antibody (clone 6C5; Upstate Biotech). They show that in the pressure-overloaded RVs wherein there is a persistent increase in total
�-tubulin, there is a modest reduction in the level of MARK2. Because MARK2 is highly expressed in the heart (11, 41), whereas MARK3 is much more highly
expressed in brain and pancreas (41), it is assumed here that the predominant protein seen in this immunoblot is MARK2. For two experiments such as that
shown here, the average densitometric ratio of RV/LV total �-tubulin was 1.06 for control, 1.04 for 24-h PAB, 1.39 for 48-h PAB, 1.44 for 1-week PAB, 1.55 for
2-week PAB, and 1.91 for 4-week PAB. For MARK2, these values were 1.11 for control, 0.57 for 24-h PAB, 0.58 for 48-h PAB, 0.65 for 1-week PAB, 0.62 for
2-week PAB, and 0.74 for 4-week PAB. B, MARK2 activity in control and PAB hearts. The ratio of RV/LV activity was measured in hearts from PAB cats at the
indicated times after surgery via an immunoprecipitation assay as described under “Experimental Procedures.”
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Because microtubule stability as assayed by resistance to
colchicine-induced depolymerization may not be controlled
by a set of factors identical to those that control long term
intrinsic microtubule stability in vivo, this intrinsic stability
was assayed in the same groups of mice as those used for Figs.
8 and supplemental Fig. S3. This assay depends on the fact
that the sequential post-translational removal of two carboxyl-
terminal amino acids from �-tubulin occurs only in tubulin
heterodimers that are assembled into microtubules, such that
the quantity of these two forms of �-tubulin serves as a
“clock” indicative of microtubule age (38). The immunoblots
for native and post-translationally modified �-tubulin, shown
in Fig. 9, provide evidence that stabilized microtubules con-
taining the two post-translationally modified forms of �-tubu-
lin are increased relative to control in all three strains of
transgenic mice.
Turning finally to an examination of kinase as opposed to

phosphatase regulation of microtubule stabilization in cardiac
hypertrophy, we characterized MARK2, the member of the
MARK family of kinases that is abundant in the heart (11).
The data shown in Fig. 11 suggest that although directionally
appropriate, the modest changes in MARK2 quantity and ac-
tivity shown here are probably unlikely to have a major role in
this phenomenon. That is, given that MARK2 has as its sub-
strate serine residues within the KXGS repeats of the MAP
microtubule-binding domain (8, 11), the changes shown here
would be expected to contribute to site-specific MAP4 de-
phosphorylation, especially at the highly relevant feline Ser-
924. However, the proportional change in total MARK2 activ-
ity is relatively much less than that for the phosphatases.
Our previous study (7) showed that MAP4-microtubule

affinity, as well as microtubule network stability and density,
are each markedly increased by MAP4 dephosphorylation at
Ser-924. These three increases make up the changes in micro-
tubule properties that are characteristic of pathological pres-
sure overload cardiac hypertrophy, and that study also
showed that there is a persistent and virtually complete de-
phosphorylation of myocardial MAP4 Ser-924 in a feline
model of this disease. Our present study provides a mecha-
nism for these microtubule network changes in terms of what
appears to be a remarkably persistent Pak1-driven phospha-
tase activation, and especially that of PP2A, because although
the specific activities of PP2A and PP1 at the MAP4 Ser-924
site appear in Fig. 10B to be equivalent, the increase in RV/LV
phosphatase activity shown in Fig. 5 is 3-fold greater for PP2A
than it is for PP1 during RV hypertrophy, and the increase in
absolute RV phosphatase activity was 4-fold greater for PP2A
than it was for PP1. Further, because it is well known that
continuous activation of the sympathetic nervous system is a
hallmark of pathological cardiac hypertrophy and failure (44),
because chronic �-adrenergic stimulation increases cardiac
PP2A and PP1 activity (45), because there is evidence for
�-adrenergic activation of the upstream kinase Pak1 (18), and
because Pak1 activation leads to PP2A activation (25), the
potential role of �-adrenergic overdrive in causing the dense,
heavily MAP4 decorated microtubule network found in path-
ological cardiac hypertrophy and failure will be an important
new area of investigation.

In contrast to the usually transient changes in kinase/phos-
phatase activity seen in response to cellular stressors, the ki-
nase/phosphatase dysregulation in chronic cardiac disease
shown here has, once again, a salient feature in common with
the directionally opposite kinase/phosphatase dysregulation
found in chronic neurodegenerative Alzheimer disease (46).
This common feature is the striking persistence of the dys-
regulation in each of these chronic conditions. Further, this
cardiac cytoskeletal change is responsible for functionally im-
portant decrements in cardiomyocyte contractile mechanics
(1) and intracellular transport (5), and it is found in clinical
heart disease (47, 48). Thus, it is particularly important that
this initially descriptive story (3) has now been moved this far
upstream with tight mechanistic specificity, because this pro-
vides opportunities both to establish the precise myocardial
stress response that causes this cytoskeletal change and to
interrupt this maladaptive response therapeutically.
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