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One of the least-understood areas in biology is the determination of the size of animals and their organs. In
Drosophila, components of the insulin receptor phosphoinositide 3-kinase (PI3K) pathway determine body,
organ, and cell size. Several biochemical studies have suggested that Akt/protein kinase B is one of the
important downstream targets of PI3K. To examine the role of Akt in the regulation of organ size in mammals,
we have generated and characterized transgenic mice expressing constitutively active Akt (caAkt) or kinase-
deficient Akt (kdAkt) specifically in the heart. The heart weight of caAkt transgenic mice was increased 2.0-fold
compared with that of nontransgenic mice. The increase in heart size was associated with a comparable
increase in myocyte cell size in caAkt mice. The kdAkt mutant protein attenuated the constitutively active
PI3K-induced overgrowth of the heart, and the caAkt mutant protein circumvented cardiac growth retardation
induced by a kinase-deficient PI3K mutant protein. Rapamycin attenuated caAkt-induced overgrowth of the
heart, suggesting that the mammalian target of rapamycin (mTOR) or effectors of mMTOR mediated caAkt-
induced heart growth. In conclusion, Akt is sufficient to induce a marked increase in heart size and is likely

to be one of the effectors of the PI3K pathway in mediating heart growth.

One of the least-understood areas of biology is determina-
tion of the size of animals and their organs (23). Recent Dro-
sophila genetic studies revealed that several molecules that are
activated by insulin or insulin-like growth factors (IGFs) in
mammals regulate organ and body size in flies (76). Hypomor-
phic mutations in Inr, which encodes the insulin/IGF receptor,
results in smaller flies (12). Overexpression of activated or
dominant negative phosphoinositide 3-kinase (PI3K), a target
of the insulin/IGF receptor, increases or decreases the size of
fly wings, respectively (42). A null mutation in chico, which
encodes the Drosophila insulin receptor substrate protein,
causes a reduction in the size and number of cells in each organ
(8). In contrast, a mutation in ribosomal S6 kinase (S6K), a
downstream effector of PI3K, results in flies that have a normal
number of cells, but the cells are smaller than wild-type cells
(46). Deletion of genes for IGFs or their receptors (6, 26, 44),
insulin receptor substrates (5, 67, 78), or S6K (62) results in
dwarfism in mice, suggesting the importance of the conserved
insulin/IGF-PI3K pathway in body size determination in mam-
mals.

Akt, also known as RAC-PK (protein kinase related to A
and C kinases) (37) or protein kinase B (21), is one of the
best-characterized targets of PI3K lipid products (11, 72).
Mammals have three closely related genes that encode the
isoforms Aktl, Akt2, and Akt3 (72). Akt2 and Akt3 show 81
and 83% amino acid identity, respectively, with Akt1. All of the
Akt isoforms show a broad tissue distribution. Akt is activated
by a multistep process via a variety of signals (11). In the early
steps of this process, D3-phosphorylated phosphoinositides
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generated by PI3K bind the pleckstrin homology domain of
Akt and translocate the kinase to the membrane. On the
membrane, Thr308 of Akt is phosphorylated by phospho-
inositide-dependent protein kinase 1 (PDK1) (2) and Ser473
is phosphorylated by a complex mechanism that may involve
autophosphorylation (69). Phosphorylation of Thr308 and
Serd73 is critical for activation of Akt, since mutations of
Thr308 and Ser473 to alanine inhibit the insulin- or IGF1-
induced activation of Akt. Conversely, mutations of both res-
idues to aspartic acid, to mimic negative charges of phosphor-
ylation, produce a constitutively activated form of Akt (1).

Akt is postulated to promote cell growth by regulating pro-
tein synthesis through other potential effectors (11, 71, 72).
Glycogen synthase kinase 3 (GSK-3) is a well-defined direct
target of Akt, and phosphorylation of GSK-3 by Akt reduces
the kinase activity of GSK-3 (24, 28). GSK-3 phosphorylates
the GTP-GDP exchange factor eIF2B and negatively regulates
initiation factor eIF2-directed methionyl-tRNA binding to the
40S ribosome (20). Thus, phosphorylation of GSK by Akt
might increase protein synthesis by increasing the efficiency of
translation. Another potential downstream effector is S6KI.
S6K1 is a physiological kinase for the ribosomal S6 protein,
whose phosphorylation increases the rate of initiation of trans-
lation of mRNA by ribosomes (18, 68). A highly homologous
gene, which encodes S6K2, has recently been identified. (62).
Akt alone is sufficient to activate S6K1 in some cultured cell
lines (4, 10), although it is likely that activation of S6KI1 is not
solely dependent on Akt (28).

Another potential effector of Akt is the mammalian target of
rapamycin (mTOR) (55, 60, 61). Rapamycin, a lipophilic mac-
rolide, is used as a potent immunosuppressant (58). In a search
for molecules affected by rapamycin, TOR was identified in
yeast (reviewed by Gingras et al. [29]). Purification and mo-
lecular cloning of mTOR revealed a 290-kDa protein that is
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highly related to yeast TOR. The mTOR protein contains a
carboxy-terminal domain with homology to phosphatidylinosi-
tol kinases. Rapamycin binds with high affinity to FKBP12
(FK506-binding protein; molecular mass, 12 kDa), and this
complex then binds to mTOR, inhibiting the function of
mTOR. Recent findings reveal that mTOR controls a diverse
set of downstream effectors that are important for cellular
growth (59). These effectors include S6K1 and eukaryotic
translation initiation factor 4E-binding proteins, which are also
potential downstream effectors of Akt (4, 10, 30). Although
overexpression of constitutively active Akt (caAkt) leads to a
modest increase in mTOR kinase activity and moderately in-
creases mTOR phosphorylation (55, 60, 61), an mTOR mutant
protein possessing an alanine substitution at a putative Akt
consensus phosphorylation site retains the ability to activate
S6K1 after growth factor stimulation (61). Thus, the role of
Akt in the regulation of mTOR kinase activity is not clear.

Akt regulates Drosophila cell and organ growth (74). In
mammalian cells, Akt has been implicated in the control of cell
cycle progression and protein synthesis, as well as in the reg-
ulation of other processes that influence growth, including cell
survival and glucose metabolism (11). Akt-encoding genes are
amplified or overexpressed in several forms of cancers (15, 48)
and have been implicated in tumorigenesis in mice (33, 35).
Body size was smaller in mice lacking Akt1 (14, 17). Expression
of caAktl in mouse pancreatic 3 cells increased islet number
and size, as well as individual B cell size (70). Akt has also been
shown to increase cell size or protein synthesis in cultured
cardiac myocytes (32, 47). GSK-3, which is inactivated by Akt,
inhibits hypertrophy of cultured cardiac myocytes (32). Rapa-
mycin was shown to inhibit agonist-induced cardiac myocyte
hypertrophy (9, 57).

Previously, we have made and characterized transgenic mice
expressing constitutively active PI3K (caPI3K) or kinase-defi-
cient PI3K (kdPI3K) in the heart (63). Transgenic mice ex-
pressing caPI3K had larger hearts. In contrast, overexpression
of kdPI3K reduced PI3K activity and resulted in smaller
hearts. The amount of activated Akt was increased in caPI3K-
expressing mice and was decreased in kdPI3K-expressing mice.
To examine the role of Akt in the regulation of organ size in
mammals, we have made transgenic mice expressing caAkt or
kinase-deficient Akt (kdAkt) specifically in the heart.

MATERIALS AND METHODS

Generation of transgenic mice. The ¢cDNA insert for mouse Akt1(T308D/
S473D) or Akt1K179M) was cloned into a Sa/l-digested a-myosin heavy chain
(«MyHC) promoter construct (clone 26; a generous gift from J. Robbins) (31),
and transgenic mice were generated as previously described (63). All of the
aspects of the animal care and experimentation performed in this study were
approved by the Institutional Animal Care and Use Committee of the Beth Israel
Deaconess Medical Center.

IGF1 injection into mice. kdAkt transgenic mice or nontransgenic (NTg) mice
were anesthetized with intraperitoneal injections of 2,2,2 tribromoethanol (Al-
drich). IGF1 (0.5 mg/kg) or the same volume of saline was intravenously injected
via a jugular vein. In preliminary experiments, IGF1 was injected into NTg mice
for 5, 15, 30, or 60 min. Since Akt activity was highest in heart lysates from mice
injected with IGF1 for 5 min (data not shown), hearts from NTg and kdAkt
transgenic mice were harvested 5 min after the injection and rapidly frozen in
liquid nitrogen.

Administration of rapamycin. Rapamycin at 4 mg/kg/day was used in this
study. The dose was determined on the basis of studies in which rapamycin was
used as an immunosuppressant in mice (7, 13, 45). The solvent for rapamycin was
0.2% sodium carboxymethyl cellulose-0.25% polysorbate 80 in water. Rapamy-
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cin or solvent was intraperitoneally administered to NTg or caAkt transgenic
mice from 3 weeks of age to 4 weeks of age. Mice were sacrificed at 4 weeks,
heart weight (HW) was measured, and S6K1 activity was measured in heart
lysates.

Protein preparation. Hearts were removed after cervical dislocation and im-
mediately frozen in liquid nitrogen. Heart lysates were obtained by homogeni-
zation in ice-cold buffer (1% NP-40, 10% glycerol, 137 mM NaCl, 20 mM
Tris-HCI [pH 7.4], 20 mM NaF, 1 mM sodium pyrophosphate, 1 mM sodium
orthovanadate, 50 mM B-glycerophosphate, 10 mM EDTA, 1 mM EGTA, 4 ug
of aprotinin per ml, 4 pg of leupeptin per ml, 1 mM phenylmethylsulfonyl
fluoride, 4 pg of pepstatin per ml). The lysates were kept on ice for 15 min and
cleared by centrifugation at 15,000 X g for 20 min at 4°C. Protein concentration
was determined by the Bradford method (Bio-Rad).

Western blot analysis. Cardiac tissue lysates were subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and proteins were
transferred onto polyvinylidene difluoride (PVDF) membranes (Immobilon-P;
Millipore). For analysis of transgene expression, the blots were probed with
anti-Akt (1:1,000; New England Biolabs), followed by horseradish peroxidase-
conjugated anti-rabbit immunoglobulin G (IgG; 1:10,000; Jackson). For analysis
of S6 phosphorylation, the blots were probed with anti-phospho-S6 (1:5,000; gift
from M. Birnbaum) (39) or anti-glyceraldehyde-3-phosphate dehydrogenase
(GAPDH; 1:10,000; Research Diagnostics; to confirm equal loading of protein),
followed by horseradish peroxidase-conjugated anti-rabbit IgG or anti-mouse
IgG, respectively. For analysis of GSK-38 phosphorylation, 0.5 mg of lysates was
immunoprecipitated by using 1 wg of anti-GSK-38 (Transduction Laboratory),
separated by SDS-PAGE, blotted to PVDF membranes, and probed with anti-
phospho-GSK-38 (1:1,000; New England Biolabs) or anti-GSK-3p (1:2,500),
followed by horseradish peroxidase-conjugated anti-rabbit IgG or anti-mouse
IgG, respectively. The probed protein was then visualized by the enhanced
chemiluminescence system (Amersham).

Akt kinase assay. Akt kinase activity was measured by using an Akt-specific
synthetic peptide, AKTide-2T, as a substrate (51). Heart tissue lysates prepared
as described above (1 mg of protein) were immunoprecipitated with an anti-Akt
N-terminal antibody (Santa Cruz). Immunoprecipitated enzyme was incubated in
a reaction mixture of 20 mM HEPES (pH 7.4), 10 mM MgCl,, 1 pM protein
kinase inhibitor (Sigma), 10 mM dithiothreitol (DTT), 5 uM ATP, 50 uM
synthetic substrate peptide, and 3 pCi of [y->*P]ATP at 30°C for 30 min. The
reactions were terminated by adding stop solution containing 8 N HCl and 1 mM
ATP. The reaction mixtures were spotted onto P81 phosphocellulose paper
(Whatman) and washed five times with 180 mM phosphoric acid and once with
95% ethanol. Radioactivity was measured with a liquid scintillation counter.

S6K1 kinase assay. Lysates (500 ng) were incubated with anti-S6K1 antibody
(Santa Cruz) for 1.5 h and then incubated for an additional hour with 40 pl of a
50% slurry of protein A-Sepharose beads (Sigma) in phosphate-buffered saline.
The beads were washed once with lysis buffer, once with buffer A (1 M NaCl,
0.1% NP-40, 10 mM Tris [pH 7.2], 1 mM sodium vanadate, 2 mM DTT, 4 pg of
pepstatin per ml, 1 mM phenylmethylsulfonyl fluoride), once with ST buffer (150
mM NaCl, 50 mM Tris [pH 7.2]), and once with 20 mM HEPES-10 mM MgCl,.
The kinase assays were performed by adding 30 pl of kinase buffer composed of
20 mM HEPES (pH 7.2), 10 mM MgCl,, 100 pg of bovine serum albumin per ml,
2 uM protein kinase inhibitor (rabbit sequence; Sigma), 30 wM B-mercaptoetha-
nol, 50 pM ATP, 10 uCi of [y->*P]ATP, and 2 pg of glutathione S-transferase
(GST)-S6. Reaction mixtures were incubated for 20 min at 30°C, and reactions
were stopped by adding 10 .l of 6X sample buffer. Samples were boiled for 5
min, and half of each sample was separated by SDS-12% PAGE and subjected
to autoradiography. The other half of each sample was separated by SDS-7%
PAGE, blotted onto a PVDF membrane, and probed with anti-S6K1 antibody.

PKC{ kinase assay. The kinase activity of protein kinase C{ (PKC{) was
measured by using a PKC{-specific synthetic peptide (50). Heart tissue lysates
prepared as described above (1 mg of protein) were immunoprecipitated with an
anti-PKC{ antibody (Santa Cruz). Imnmunoprecipitated enzyme was incubated in
a reaction mixture of 20 mM HEPES (pH 7.4), 10 mM MgCl,, 1 pM protein
kinase inhibitor (Sigma), 10 mM DTT, 5 pM ATP, 50 pM synthetic substrate
peptide, and 3 p.Ci of [y-**P]JATP at 30°C for 30 min. GST-PKC{ (2 p.g; gift from
A. Toker) generated by a baculovirus system was used as a positive control for
the reaction. The reactions were terminated by adding stop solution containing
8 N HCI and 1 mM ATP. The reaction mixtures were spotted onto P81 phos-
phocellulose paper (Whatman) and washed five times with 180 mM phosphoric
acid and once with 95% ethanol. Radioactivity was measured with a liquid
scintillation counter. Immunoprecipitated PKC{ or GST-PKC{ was separated by
SDS-7% PAGE, blotted onto a PVDF membrane, and probed with the anti-
PKC{ antibody.
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Histological analysis. Histological analysis of mouse hearts was performed as
previously described (63).

Morphometric analysis of isolated cardiac myocytes. Cardiac myocytes were
enzymatically dissociated from mouse hearts in accordance with the previously
published protocol, with minor modifications (79). The hearts from 10- to 12-
week-old female transgenic or NTg mice were retrogradely perfused and enzy-
matically dissociated with 0.3% collagenase. The dissociated myocytes were
plated on laminin-coated dishes. After 1 h of plating, unattached cells were
removed by changing the medium. Photographs were taken under a microscope.
The long axis was determined by measuring the distance between the two points
farthest apart at the edge of the cell. A perpendicular line was drawn across
the middle of the long axis, and the short axis was determined by measuring
the distance between the two edges of the cell where the perpendicular line
cut. The cell area was measured by tracing the edge of the cell and determining
the area inside the outline. Morphometric analysis was performed with IPLab
software (Scanalytics, Inc.). Cell volume was calculated by the following formula
on the assumption that the cell is cylindrical in shape: cell volume = (short
axis/2)? X 3.142 X long axis.

The mean value for each mouse was calculated by using the measurements of
100 cells isolated from an individual mouse. Next, the mean value (* the
standard error [SE]) for each experimental group was calculated on the basis of
the mean values of the individual mice, and this value is presented.

Echocardiography. Assessment of cardiac function using echocardiography
was performed as previously described (63). The stroke volume and cardiac index
were obtained by using the following formulas: stroke volume = (LV diastolic
diameter — LV systolic diameter)3, where LV is the left ventricle, and cardiac
index = (stroke volume X heart rate)/BW, where BW is body weight.

Statistical analysis. Results are presented as the mean * SE. Differences
between the groups were compared by using the two-tailed unpaired Student ¢
test. P < 0.05 was considered significant.

RESULTS

Creation of caAkt and kdAkt transgenic mice. Akt(T308D/
S473D), in which critical residues for activation of Akt are
replaced by negatively charged amino acids, has been shown to
have activity comparable to that of endogenous Akt stimulated
with insulin (28). The «MyHC promoter was used to generate
transgenic mice as described previously (63). In the atrium, this
promoter is active in both embryonic and adult myocytes but
in ventricular myocytes it becomes active mainly after birth
(49, 53). To make transgenic mice expressing caAkt, the
Akt(T308D/S473D) gene was cloned into the aMyHC pro-
moter construct, and transgenic mice were produced. Six in-
dependently derived founders of caAkt were produced from
137 F, mice screened by Southern blot analysis. All of the
founders died within 6 months of birth. Three founders pro-
duced progenies. Progenies of two of the founders died within
several weeks after birth. The progenies of the third founder
survived to a mean age of 15 weeks, and this line was used for
the subsequent analysis. In this line, most of the mice died after
they showed signs of heart failure, such as labored respiration
or reduced activity.

To generate transgenic mice expressing kdAkt in the heart,
Akt(K179M), in which the critical ATP binding site was mu-
tated, was cloned into the aMyHC promoter construct. Eight
independently derived founders were produced from 63 mice
screened by Southern blot analysis. Progenies from six
founders expressed the transgene product in the heart as de-
termined by Western blot analysis. Over a follow-up period of
1 year, three lines of kdAkt transgenic mice survived normally.
Two lines died at a mean age of 11 weeks, and one line died at
a mean age of 2 weeks. Kinase-deficient transgenic lines asso-
ciated with lethality were lost during maintenance. One of the
kdAkt transgenic lines that did not die was analyzed.
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FIG. 1. Generation of Akt transgenic mice. (A) Expression of the
transgene. To compare the amount of transgene with endogenous Akt,
1, 10, and 100 wg of cardiac tissue lysate from caAkt or kdAkt trans-
genic mice and 100 g of protein from NTg mice were separated by
SDS-PAGE and probed with an anti-Akt antibody. (B) Akt activity in
the transgenic heart. One milligram of cardiac tissue lysate was immu-
noprecipitated, and the kinase activity was measured by an in vitro
kinase assay. kdAkt transgenic mice or NTg mice were injected with
saline or 0.5 mg of IGF1 per kg for 5 min to activate Akt. Each group
represents three or four hearts. Total Akt activity was markedly in-
creased in the heart tissue of caAkt mice. Akt activity was significantly
decreased in kdAkt mice under both basal and IGF1-stimulated con-
ditions. Symbols: *, P < 0.05 versus saline-injected NTg mice; f, P <
0.05 versus IGF1-injected NTg mice.

To compare the amount of transgene product with the en-
dogenous Akt, cardiac tissue lysates from transgenic mice were
serially diluted, separated by SDS-PAGE, and probed with
anti-Akt antibody. In caAkt transgenic mice, the amount of
total Akt was about 400-fold greater than that in NTg mice
(Fig. 1A). In the kdAkt transgenic line we analyzed, there was
approximately 120 times more transgene product (kdAkt) than
endogenous Akt in NTg mice (Fig. 1A). To confirm the activity
of the transgene products, the heart tissue lysates were immu-
noprecipitated with an N-terminal anti-Akt antibody and sub-
jected to an in vitro kinase assay using an Akt-specific peptide
substrate (AKTide-2T) (51). In caAkt transgenic mouse hearts,
total Akt activity was increased 80.4-fold * 2.9-fold compared
with that in NTg mouse hearts (Fig. 1B). Akt activity in kdAkt
mice injected with saline was 45% * 8% of that in NTg mice
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FIG. 2. Activation of GSK-3B and S6K1 in Akt transgenic mouse hearts. (A) Phosphorylation of GSK-38 in the heart tissue of Akt transgenic
mice. GSK-3B was immunoprecipitated and probed with an anti-phospho-GSK-38 (Ser9) antibody (top) or anti-GSK-3@ antibody (middle). In
caAkt mice, the amount of phosphorylated GSK-38 normalized to total GSK-33 was not different from that in NTg mice. In kdAkt mice, the
amount of phosphorylated GSK-3p normalized to total GSK-3B was significantly decreased compared with that in NTg mice (bottom). (B) S6K1
activity in the heart tissue of Akt transgenic mice. S6K1 activity was measured by an immune complex kinase assay using GST-S6 as a substrate
(top). The amount of immunoprecipitated (IP) S6K1 was analyzed by Western blotting (middle). S6K1 activity normalized to total S6K1 was
increased in the hearts of caAkt mice and decreased in the hearts of kdAkt mice (bottom). Faster-migrating bands were obtained from kdAkt mice,
which suggests that SOK1 was less phosphorylated (middle, *).(C) Phosphorylation of ribosomal S6 protein in the heart tissue of Akt transgenic
mice. Phosphorylation of ribosomal S6 protein was examined by Western blotting using an anti-phospho-S6 antibody (top). The amount of protein
loading was normalized to the amount of GAPDH (middle). The amount of phosphorylated S6 normalized to GAPDH was increased 1.8-fold in
caAkt mice, and it was decreased to 36% of that in NTg mice in kdAkt mice (bottom). Each group represents four hearts. =, P < 0.05 versus NTg

mice.

injected with saline. Injection of IGF1 (0.5 mg/kg) for 5 min
increased Akt activity by 3.18-fold = 0.47-fold in the hearts of
NTg mice. Akt activity in the hearts of mice injected with IGF1
kdAkt was 35.2% =+ 0.9% of that of NTg mice injected with
IGF1. Thus, overexpression of the kdAkt molecule signifi-
cantly attenuated the activation of endogenous Akt in trans-
genic mouse hearts.

Activation of potential downstream targets in Akt trans-
genic mice. Next, we examined the activation of potential
downstream targets of Akt. Representative Western blots and
results of kinase assays are shown at the top and middle of each
panel of Fig. 2, and the results of quantitative densitometry of
four animals in each group are shown at the bottom of each
panel. GSK-3p is one of the best-characterized targets of Akt
in cultured cells (24, 28). Phosphorylation of GSK-38 in heart
tissue was assessed by measuring the amount of GSK-33 phos-
phorylated at Ser9 by using a phosphospecific antibody. In

caAkt mice, the amounts of phosphorylated GSK-3 and total
GSK-3B and the ratio of phosphorylated GSK-3B to total
GSK-3B were not significantly different from those of NTg
mice (Fig. 2A). In kdAkt mice, the amount of phosphorylated
GSK-3p was decreased to 37% =+ 5% of that in NTg mice (Fig.
2A, top) and the phosphorylated GSK-3B/total GSK-38 ratio
was 30% * 3% of that of NTg mice (Fig. 2A, bottom). Unlike
previous studies using cultured cell lines (24, 28), high Akt
activity was not sufficient to phosphorylate GSK-3 at Ser9 in
the intact heart. We also measured the amount of phosphor-
ylated GSK-3p in the hearts of NTg mice injected with IGF1.
Hearts were harvested 5 min after the injection. The ratio of
phosphorylated GSK-3p to total GSK-3 was significantly in-
creased 2.1-fold = 0.2-fold in the heart tissue of NTg mice
injected with IGF1 compared with that in untreated NTg mice
(n = 3 for each group; data not shown). Thus, it is unlikely that
GSK-3B was already maximally phosphorylated at baseline. In
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contrast, Akt seems to be necessary for GSK-3B activation in
the intact heart, consistent with previous reports (28, 66).

S6K1 phosphorylates 40S ribosomal protein S6, which re-
sults in increased protein synthesis. S6K1 has been shown to be
downstream of PI3K (18). Akt alone is sufficient for the acti-
vation of S6K1 when overexpressed in some cultured cells (4,
10). We measured the activity of S6K1 in heart lysates by an
immune complex kinase assay using GST-S6 as a substrate
(Fig. 2B, top). S6K1 activity was increased 5.7-fold * 0.2-fold
in caAkt mice, whereas in hearts from kdAkt mice it was
decreased to 36% = 11% of that in NTg mice (Fig. 2B, bot-
tom). Western blotting with this S6K1 antibody produces
broad bands at around 70 kDa due to the presence of S6K1
phosphorylation at multiple sites (Fig. 2B, middle). The total
amount of S6K1 was estimated by adding the densitometric
scores of these bands. The total amount of S6K1 was not
significantly different among the three groups. Faster-migrat-
ing bands were observed in kdAkt mice, which suggests that
S6K1 was less phosphorylated (Fig. 2B, asterisk). The ratio of
S6K1 activity to the total S6K1 protein (Fig. 2B, bottom) was
4.2-fold = 0.3-fold higher in caAkt mice but was decreased to
35% = 10% of that of NTg mice in kdAkt mice. These results
suggest that Akt plays an important role in the regulation of
S6K1 activity in the intact heart.

To confirm our in vitro S6K1 activity measurements, the
amount of the phosphorylated form of the ribosomal S6 pro-
tein in heart tissue was measured by using an antibody specific
for phosphorylated S6 protein (Fig. 2C, top). Loading of equal
amounts of protein was confirmed by probing the membrane
with an anti-GAPDH antibody (Fig. 2C, middle). The amount
of phosphorylated S6 was increased by 2.9-fold = 0.3-fold in
caAkt mice and decreased to 18% =+ 3% of that of NTg mice
in kdAkt mice. The amount of phosphorylated S6 normalized
by the amount of GAPDH was increased 1.9-fold = 0.2-fold in
caAkt mice and decreased to 21% * 5% of that of NTg mice
in kdAkt mice (Fig. 2C, bottom). These results confirmed that
S6K1 activity was increased in caAkt mice and decreased in
kdAkt mice.

PDK1 phosphorylates Thr308 of Akt (2). It is possible that
overexpression of the kdAkt transgene competitively inhibits
phosphorylation and activation of the other targets of PDKI.
To examine this possibility, we measured PKC{ activity in the
heart tissue lysates of NTg mice and kdAkt mice (Fig. 3). PKC{
is a substrate of PDK1 (19) and is not likely to be downstream
of Akt (41). The results of kinase assays from each group
(three animals in each) are shown at the top, and representa-
tive Western blotting of immunoprecipitated PKC{ is shown at
the bottom. The kinase activity of baculovirus-generated PKC{
(GST-PKC¢) was about 10-fold greater than that of immuno-
precipitated PKC{ in heart tissue lysates from NTg mice (Fig.
3, top). Under the same assay conditions, PKC{ activity in the
heart tissue of kdAkt mice was not different from that in NTg
mice (Fig. 3, top). The amount of PKC{ was not different
between NTg mice and kdAkt mice (Fig. 3, bottom). Thus, it is
unlikely that suppression of S6K1 activity and GSK-38 phos-
phorylation in kdAkt mice resulted from the sequestration of
PDKI1 by overexpression of kdAkt.

Postmortem analysis of Akt transgenic mice. The HW/BW
ratio is a well-established index of cardiac hypertrophy. In
caAkt mice, the HW/BW ratio was significantly increased 2.2-
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FIG. 3. PKC{ activity in kdAkt transgenic mice. PKC{ activity in
the heart tissue of NTg mice or kdAkt transgenic mice was measured
by an in vitro kinase assay using a synthetic peptide as a substrate (top).
PKC{ was immunoprecipitated from 1 mg of heart tissue lysate. GST-
PKC{ was used as a positive control for the kinase assay. PKC{ activity
in the hearts of kdAkt transgenic mice was not different from that in
the hearts of NTg mice. Each group represents three hearts. Immu-
noprecipitated (IP) PKC{ or GST-PKC{ was separated by SDS-
PAGE, blotted onto a PVDF membrane, and probed with an anti-
PKC{ antibody (bottom).

fold = 0.0-fold at an age of 2 weeks and by 2.2-fold = 0.0-fold
at a mean age of 14 weeks compared with that of NTg mice
(Table 1). All of the founders and progenies of other lines of
caAkt mice showed similar increases in the HW/BW ratio
(data not shown). The HW, BW, and HW/BW ratio of kdAkt
mice were not significantly different from those of NTg mice
(Table 1). Thus, expression of caAkt induced a marked in-
crease in heart size.

Pathological analysis of Akt transgenic mice. Postmortem
pathological analysis was performed by using hearts from 3- to
4-month-old mice. In caAkt mice, there was a proportional
increase in the size of all chambers of the heart and the thick-
ness of the ventricular walls (Fig. 4A). Marked hypertrophy of
the myocytes was evident upon histopathological analysis in
caAkt mice (Fig. 4B). Extensive interstitial fibrosis was also
observed (blue on Masson’s trichrome stain). In contrast, heart
size, ventricular wall thickness, and chamber sizes were not
different between NTg and kdAkt mice (Fig. 4A). Myocyte
hypertrophy was not observed in kdAkt transgenic mice. Since
myocyte cell death due to apoptosis can affect myocyte cell
number in the heart, we examined the presence of apoptosis by
using a terminal deoxynucleotidyltransferase-mediated dUTP-
biotin nick end labeling assay and a DNA laddering assay.
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TABLE 1. BWs and HWs of Akt transgenic and NTg mice®
?ﬁz %IZZ) I\rlr(l)i.cgf BW (g) HW (mg) Lung wt (mg) Liver wt (mg) HW/BW ratio Lung wt/BW ratio Liver wt/BW ratio
2
NTg 7 9.0x03 53.7+23 100.5 £5.2 371 £ 25 5.98 £ 0.11 11.19 = 0.46 41.1 £ 2.1
caAkt 6 7.7+0.2 100.3 = 4.1° 1322 = 3.5° 353 =11 13.02 = 0.42° 17.23 = 0.73" 45.6 £ 2.1
kdAkt 6 85+0.4 85*+33 97.9 +17.0 366 = 2.0 6.05 = 0.22 10.99 = 0.26 41309
14
NTg 15 229 £ 0.5 1043 £ 2.1 1343 =52 1,075 =33 4.57 = 0.08 5.88 £0.16 470*1.2
caAkt 13 21.6 £ 0.4 213.1 = 4.6° 185.8 = 5.0° 1,050 = 29 9.88 + 0.22° 8.62 + 0.25° 48.6 £ 0.9
kdAkt 4 23.1+0.9 107.9 = 5.6 1253 £ 3.1 1,049 = 67 4.67 = 0.09 5.46 £0.27 46.0 £ 4.7

“ The values shown are means * SE. In the 2-week-old groups, both male and female mice were used for analysis. In the 14-week-old groups, only female mice were

used.
b P < 0.05 versus NTg mice.

Apoptosis of myocytes was not observed in either caAkt or
kdAkt transgenic mice (data not shown).

Cell size analysis of cardiac myocytes from Akt transgenic
mice. The size of an organ is determined by coordinated reg-
ulation of cell growth (increase in cell size), cell proliferation

A

caAkt

kdAkt

kdAkt
—!\“\ .‘"\ ‘
;‘ !:_: A“ ‘0

nusl

" .. l“]\l

Trichrome

FIG. 4. Pathological analysis of Akt transgenic mice. (A) Macro-
pathological analysis of Akt transgenic mice. In caAkt mice, there was
a marked increase in size in all of the chambers and in ventricular wall
thickness. The proportion of the sizes of the chambers was maintained.
In kdAkt mice, heart size was not different from that in NTg mice. Bars
represent 1 mm. (B) Histopathological analysis of Akt transgenic mice.
Hypertrophy of myocytes was evident in caAkt mice. Extensive inter-
stitial fibrosis was also observed (blue on Masson’s trichrome stain).
Histology was normal in kdAkt mice. H&E, hematoxylin and eosin
stain; trichrome, Masson’s trichrome stain. Bars represent 10 pm.

(increase in cell number), and cell death (23). The size of
myocytes was directly measured by using isolated adult cardiac
myocyte preparations (Table 2 and Fig. 5). Three- to 4-month-
old female mice were used for this analysis. In caAkt mice, the
long axis was increased 1.3-fold = 0.1-fold and the short axis
was increased 1.2-fold £ 0.0-fold. The cell area was also in-
creased 1.5-fold = 0.1-fold. The calculated cell volume of
caAkt mice, based on the assumption that cardiac myocytes are
cylindrical, was increased 1.9-fold * 0.2-fold. Thus, the in-
crease in HW (2.0-fold = 0.0-fold) was associated with a com-
parable increase in cell size, suggesting that Akt increased
heart size mainly through an increase in cell size. In kdAkt
mice, the size of myocytes was not different from that in NTg
mice.

Assessment of LV function by echocardiography. Since he-
modynamic loading status is one of the determinants of heart
size, we assessed the LV dimensions and contractile function
of Akt transgenic mice by using M-mode echocardiography at
the ages of 2 and 14 weeks (Table 3). At 2 weeks old, there was
a significant increase in wall thickness of both the anterior and
posterior LV walls (1.4-fold = 0.0-fold and 1.4-fold = 0.0-fold,
respectively) of caAkt mice. The LV diastolic and systolic di-
ameters of caAkt mice were not different from those of NTg
mice. Fractional shortening, an echocardiographic index of LV
contractile function, of caAkt mice was normal (Table 3). HW
was increased 1.9-fold = 0.1-fold at 2 weeks of age (Table 1).
A marked increase in HW in the absence of cardiac dysfunc-
tion suggests that the heart size increase in caAkt mice was not
a secondary response to the changes in hemodynamic loading
status.

At 14 weeks old, an increase in the thickness of both the
anterior and the posterior LV walls was evident in caAkt mice
(1.5-fold = 0.0-fold and 1.5-fold = 0.0-fold, respectively). The
LV systolic diameter was also significantly increased (2.0-fold
+ 0.2-fold), while the LV diastolic diameter was minimally
increased (1.1-fold = 0.0-fold). Fractional shortening of caAkt
mice was significantly decreased to 37% = 3%. The cardiac
index represents the volume of blood that is pumped out of the
heart per minute. Although fractional shortening was reduced
in caAkt mice, the cardiac index was not different from that of
NTg mice. The reduced fractional shortening in caAkt mice
might be an adaptive response to keep the cardiac index within
the normal range. Alternatively, it is also possible that the
reduced fractional shortening is the manifestation of cardio-
myopathy in older caAkt mice, since extensive fibrosis was
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TABLE 2. Morphometric analysis of isolated cardiac myocytes”
Length (wm) of:
Mice No. Long/short axis ratio Cell area (um?) Cell vol (10° wm?)
Long axis Short axis
NTg 5 1229 =12 28.4 = 0.6 4.63 = 0.17 2,499 + 49 78.1 = 3.0
caAkt 3 163.0 = 10.2° 342 +0.9 5.14 +0.18 3,845 = 256° 150.9 = 17.3
kdAkt 4 1154 = 4.1 292 +0.2 4.18 = 0.56 2,440 = 88 773 2.8

“ The mean value for each mouse was calculated from 100 cells. The mean value (= SE) for each group was then calculated on the basis of the mean values of

individual mice.
b P < 0.05 versus NTg mice.

observed on histological analysis and most of the mice died
after they showed signs of heart failure. In kdAkt mice, all
echocardiographic parameters were normal (Table 3).

Crossbreeding of PI3K transgenic mice and Akt transgenic
mice. Akt is postulated to be one of the most important down-
stream effectors of PI3K. In Caenorhabditis elegans, an acti-
vated allele of Akt suppresses the daur arrest phenotype
caused by a loss-of-function mutation in age-/ (a homolog of
mammalian PI3K) (54). Although significant information
about the biochemical relationship between PI3K and Akt in
mammalian cells has been provided (72), genetic evidence that
Akt functions as a downstream effector of PI3K in intact mam-
malian tissues is lacking. We have previously made and char-
acterized transgenic mice expressing caPI3K or kdPI3K in the
heart (63). To genetically determine the relationship between
PI3K and Akt in heart growth, we crossed PI3K transgenic
mice with Akt transgenic mice and examined heart size (Fig.
6).

To examine if Akt is necessary for the PI3K-induced over-
growth of the heart, kdAkt mice were crossed with caPI3K
mice (Fig. 6A). The HW/BW ratio of caPI3K mice was in-
creased compared with that of NTg mice by 1.22-fold = 0.03-
fold. The HW/BW ratio of double-transgenic mice expressing
both the caPI3K and kdAkt transgenes was significantly lower
than that of caPI3K mice (1.10 = 0.01 versus 1.22 = 0.03; P =
0.0096; NTg mice = 1.00), suggesting that Akt activation is
required for PI3K-induced hypertrophy. In order to determine
whether Akt could suppress the decrease in heart size induced
by the inhibition of PI3K activity, caAkt mice were crossed
with kdPI3K mice (Fig. 6B). The HW/BW ratio of kdPI3K

NTg caAkt  kdAkt

o _ \f
N Ea]

= ! LS ]
Cell volume  78.113.0 150.9217.3* 77.312.8
(x 10° um3) (n=5) (n=3) (n=4)

FIG. 5. Analysis of Akt transgenic mouse cell size. Cardiac myocyte
size was determined by using isolated adult myocytes. The mean value
for each mouse was calculated by using the measurements of 100 cells
isolated from that mouse. Next, the mean value (+ SE) for each
experimental group was calculated on the basis of the mean values of
the individual mice, and this value is presented. The cell volume was
increased 1.9-fold = 0.2-fold in caAkt transgenic mice. n, number of
hearts examined.

mice was significantly decreased compared with that of NTg
mice. The HW/BW ratio of double-transgenic mice having
both kdPI3K and caAkt was similar to that of caAkt-expressing
mice (2.24 = 0.08 versus 2.31 * 0.25; P = 0.7438; NTg mice =
1.00), suggesting that the caAkt mutant protein circumvented
cardiac growth retardation induced by kdPI3K. These data are
consistent with the notion that Akt is one of the main down-
stream effectors of PI3K in organ growth.

Effect of rapamycin on the HW of caAkt mice. The caAkt
transgene may induce overgrowth of the heart through mTOR
or the effectors of mTOR, such as S6K1 or eukaryotic trans-
lation initiation factor 4E-binding protein 1 (4, 10, 30). To
examine this possibility, we treated NTg mice or caAkt mice
with rapamycin, a specific inhibitor of mTOR (Table 4) (25).
Vehicle or rapamycin (4 mg/kg/day) was administered to NTg
or caAkt mice from 3 weeks of age to 4 weeks of age. After
that, mice were sacrificed and HW was measured. S6K1 activ-
ity was measured to monitor the effect of rapamycin. At 3
weeks of age, the HW/BW ratio of caAkt mice was already
increased 2.0-fold = 0.0-fold compared with that of NTg mice
(Table 4). Rapamycin at 4 mg/kg significantly reduced S6K1
activity in the hearts of NTg mice at 4 weeks of age (Fig. 7).
Rapamycin, at the dose used in this study, did not affect the
HW/BW ratio of NTg mice (Table 4). Rapamycin reduced
S6K1 activity in the hearts of caAkt mice to a level similar to
that of rapamycin-treated NTg mice (Fig. 7). The HW/BW
ratio of rapamycin-treated caAkt mice was significantly smaller
than that of vehicle-treated caAkt mice (8.44 = 0.12 versus
9.96 = 0.15; P < 0.0001; Table 4). The HW of rapamycin-
treated 4-week-old caAkt mice was comparable to that of
3-week-old caAkt mice (137.0 £ 4.1 g versus 134.0 = 7.7 g;
P = 0.9532). This result suggests that caAkt-induced over-
growth of the heart was, at least in part, dependent on mTOR
or targets of mTOR.

DISCUSSION

In order to determine the role of Akt in the regulation of
organ size in mammals, we have perturbed the activity of Akt
specifically in the heart by expressing caAkt or kdAkt in trans-
genic mice. The caAkt transgene caused heart enlargement
associated with an increase in myocyte size. The intercross of
kdPI3K transgenic mice and caAkt transgenic mice showed
that Akt is likely to be one of the important downstream
effectors of PI3K in mediating organ growth. Furthermore,
rapamycin significantly attenuated caAkt-induced overgrowth
of the heart, suggesting that Akt promoted heart growth
through mTOR or effectors of mTOR.
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TABLE 3. Echocardiographic data for NTg and Akt transgenic mice”
Diastolic wall thickness LV diam
Age (wks)  No. of BW Heart rate (mm) (mm) % Fractional Stroke vol Cardiac index
and mice mice ® (beats/min) shortening (mm?) (mm?®/min/g)
Anterior Posterior Diastolic Systolic
2
NTg 7 9.0 0.3 420 = 34 0.5 0.0 0.5=0.0 2.7=0.1 1.3 0.1 53+4 18.4 £2.0 870 = 144
caAkt 7 81+03 359+14 07=00" 07+00° 26=01 13=01 49 +3 14612 666 = 96
kdAkt 5 8.5+ 0.6 380 = 24 0.5 0.0 0.5 +0.0 27x0.2 1.3 £02 50=*5 18.9 =35 805 = 133
14
NTg 8 223 £0.7 285 = 64 0.6 £0.0 0.6 = 0.0 34+0.1 12*0.1 65*6 373 £52 476 = 121
caAkt 4 209 1.5 217 £ 38 09+01> 09+01> 38+02" 24=*01° 37 +3° 423 *+7.6 441 £ 110
kdAkt 4 23.0 £2.6 220 = 12 0.6 £0.1 0.6 0.1 35+04 1.3+02 56 =6 399 £ 6.4 390 = 152

“The results presented are means * SE. In the 2-week-old group, both male and female mice were used for analysis. In the 14-week-old group, only female mice

were used.
b P < 0.05 versus NTg mice.

To examine the role of Akt in intact mammalian tissue, we
overexpressed caAkt or kdAkt in transgenic mouse hearts. By
using this strategy, it is possible that the highly overexpressed
molecule could affect a biological process in which the endog-
enous counterpart is not normally involved. Alternatively, car-
diac hypertrophy may be induced secondary to the nonspecific
toxic effect of the transgene (34). However, we think the
marked increase in heart size observed in caAkt mice is likely
due to the increase in Akt kinase activity for the following
reasons. First, systolic function of the heart, assessed by the
fractional shortening of echocardiography, was preserved in
2-week-old mice even though HW was increased 1.9-fold. Sec-
ond, caAkt-induced overgrowth of the heart was significantly
attenuated by rapamycin, a specific inhibitor of mTOR. Third,
Akt has been shown to increase cell size and protein synthesis
in cultured cardiac myocytes (32, 47). Fourth, a 200-fold beta-
adrenergic receptor increase in the heart modulates contractile
function in a specific manner without causing cardiomyopathy
in transgenic mice (56).

A B

(unit)

HW/BW

NTg caPi3K kdAkt caPI3K

NTg kdPi3KcaAkt kdPISK
(n=6) (n=5) (n=4) xkdAkt
(n=4)

(n=6) (n=5) (n=3) xcaAkt
(=0

FIG. 6. Genetic interaction of PI3K and Akt in the regulation of
organ size. (A) The HW/BW ratios of double-transgenic mice express-
ing both the caPI3K and kdAkt transgenes were significantly lower
than those of caPI3K mice (1.10 = 0.01 versus 1.22 = 0.03; P = 0.0096;
NTg mice = 1.00). (B) The HW/BW ratios of double-transgenic mice
having both kdPI3K and caAkt were similar to those of caAkt mice
(2.24 £ 0.08 versus 2.31 * 0.25; P = 0.7438; NTg mice = 1.00). n,
number of mice. Symbols: *, P < 0.05 versus NTg mice: f, P < 0.05
versus caPI3K mice; #, P < 0.05 versus kdPI3K mice.

There is one Akt-encoding gene in drosophila, and deletion
of the Akt-encoding gene is associated with smaller cells (74).
In this study, inhibition of Akt activity with a kinase-deficient
mutant was not associated with a decrease in heart size. It is
likely that residual Akt activity in the hearts (45% of that in
NTg mice) was sufficient to preserve normal organ growth.
Body size was smaller in mice lacking Aktl (14, 17). Insulin
resistance and a diabetes mellitus-like syndrome were ob-
served in mice lacking Akt2 (16). Growth retardation was not
observed in these mice, possibly due to the compensation by
other Akt-encoding genes. Heart-specific deletion of an Akt-
encoding gene(s) is needed to determine if Akt is necessary to
promote heart growth in a cell-autonomous manner.

Several studies have found that kdAkt mutants work in a
dominant negative manner (27, 36, 38, 80). However, several
other studies have found that kdAkt does not inhibit Akt
activation (40, 73, 75). In this experiment, kdAkt overexpres-
sion inhibited the activation of endogenous Akt under basal
and IGF-stimulated conditions. kdAkt also effectively attenu-
ated caPI3K-induced overgrowth of the heart. The mechanism
of action of mutant kdAkt proteins may be different in differ-
ent cells and tissues.

In this study, an increase in total Akt activity was not asso-
ciated with an increase in the amount of phosphorylated
GSK-3B in caAkt mice. This is not consistent with previous
observations derived from experiments using cultured cell lines

TABLE 4. Effect of rapamycin on HWs of NTg and caAkt
transgenic mice”

Mi d No. of .
agleci\j]?s) Treatment rr?ic(e) BW (g) HW (g) HW/BW ratio
NTg
3 4 150x02 71.0x1.0 4.73 = 0.09
4 Vehicle 4 17.8£0.7 832=x35 476 = 0.10
4 Rapamycin 4 173 *1.1 79.6 =28 4.63 =0.14
caAkt
3 3 14.0=*1.0 1340x7.7 9.62 = 0.22
4 Vehicle 4 176 =11 1751 x9.4° 996 + 0.15°
4 Rapamycin 5 162 0.4 137.0 £ 4.1 >© 844 = 0.12 »©

“The values shown are means * SE.
b P < 0.05 versus NTg mice treated with vehicle or rapamycin.
¢ P < 0.05 versus vehicle-treated caAkt mice.
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FIG. 7. Effect of rapamycin on S6K1 activity in caAkt mice. NTg
mice or caAkt mice were treated with vehicle (V) or rapamycin (R).
S6K1 activity in heart tissue was measured by an immune complex
kinase assay using GST-S6 as the substrate (top). The amount of
immunoprecipitated (IP) S6K1 was analyzed by Western blotting
(middle). The S6K1 activity/S6K1 protein ratio is shown at the bottom.
Each group represents four mice. S6K1 activity was increased in the
hearts of vehicle-treated caAkt mice compared with that in the hearts
of vehicle-treated NTg mice. Rapamycin significantly reduced S6K1
activity in the hearts of NTg mice. S6K1 activity in the hearts of
rapamycin-treated caAkt mice was comparable to that in the hearts of
rapamycin-treated NTg mice. Symbols: *, P < 0.05 versus vehicle-
treated NTg mice; T, P < 0.05 versus vehicle-treated mice of the same
genotype. IgG (H), immunoglobulin heavy chain.

(24, 28). The same caAkt did not phosphorylate GSK-38 in
mammary epithelium in transgenic mice (35). GSK-3B phos-
phorylation in intact tissue may be regulated by a mechanism
different from that which operates in proliferating cultured cell
lines. Alternatively, continuous expression of the transgene in
the intact tissue may modulate the activity of potential down-
stream effectors in a different way from growth factor stimu-
lation of cultured cells for a short period of time. GSK-3p
phosphorylation was decreased in kdAkt mice, which is con-
sistent with a previous study in which kdAkt inhibited insulin-
induced inactivation of GSK-3 (66).

caAkt was sufficient to activate S6K1 in this study. S6K1
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activation by membrane-targeted Akt has been previously re-
ported (4, 10). However, the Akt(T308D/S473D) mutant pro-
tein did not activate S6K1 (4, 28). Akt does not appear to
directly phosphorylate S6K1 (3), and the intermediates be-
tween Akt and S6K1 are unknown. The mechanism of S6K1
activation in caAkt mice needs further investigation. Since
rapamycin significantly attenuated caAkt-induced overgrowth
of the heart and S6K1 is one of the effectors of mTOR, S6K1
may be one of the candidates for mediation of the growth-
promoting effects of Akt in caAkt mice.

In our study, expression of kdAkt reduced S6K1 activity in
the heart. A dominant interfering mutant form of Akt was
shown to inhibit S6K1 activation (40), while another dominant
negative mutant form of Akt did not inhibit insulin-induced
S6K1 activation (28). Since overexpression of Akt may seques-
ter PDK1, which is essential for S6K1 activation, it is possible
that the kdAkt transgene attenuated S6K1 activity by prevent-
ing it from accessing PDK1 (72, 77). To examine this possibil-
ity, we measured PKC{ activity in the hearts of kdAkt mice and
found that PKC{ activity was not different from that in NTg
mice. Thus, it is unlikely that suppression of S6K1 activity and
GSK-3B phosphorylation in kdAkt mice resulted from the se-
questration of PDKI1 by overexpression of kdAkt. The 64%
reduction in S6KI1 activity in the hearts of kdAkt mice did not
disturb developmental growth. It is likely that residual S6K1
activity was sufficient to maintain normal heart growth.

Growth hormone is an endocrine promoter of IGF-1 pro-
duction. Patients with acromegaly, a condition of growth hor-
mone excess, are associated with marked cardiac hypertrophy
and reduced cardiac function (22). Cardiovascular mortality is
increased in patients with acromegaly (52). Autopsies of hearts
from acromegaly patients showed myocyte hypertrophy and
fibrosis (43). These observations are similar to the findings in
caAkt transgenic mice. We speculate that Akt may be involved
in the pathogenesis of cardiomyopathy in acromegaly patients.
We did not observe cardiomyopathic changes in caPI3K trans-
genic mice, probably due to the lower Akt kinase activity com-
pared with that of caAkt (see below).

In our caAkt mice, the increase in HW (2.0-fold = 0.0-fold)
was associated with a comparable increase in cell volume (1.9-
fold * 0.2-fold), suggesting that Akt increased heart size by
increasing cell size. This is in agreement with a previous study,
in which overexpression of Akt resulted in increased cell size,
but not cell number, in the Drosophila wing (74). However, an
increase in heart size occurs postnatally, when the myocytes are
postmitotic (64, 65), and the promoter used to generate trans-
genic mice in this study is active mainly after birth in the
ventricles (49, 53). Therefore, interpretation of the present
findings on the heart may be different from those on other
mitotically competent organs, where there is a potential role
for Akt in the regulation of cell number.

We previously reported that heart-specific expression of
caPI3K in transgenic mice increased HW 1.2-fold = 0.0-fold.
Total Akt activity, measured by an in vitro kinase assay, was
increased 2.2-fold = 0.2-fold in caPI3K mice (Shioi et al,
unpublished observation). In caAkt mice, HW was increased
2.0-fold = 0.0-fold and total Akt activity was increased 80.4-
fold * 2.9-fold. Thus, the increase in heart size in caPI3K and
caAkt mice appeared to be correlated with the increase in Akt
activity in the heart. In addition, the mutant kdAkt protein
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attenuated the caPI3K induced overgrowth of the heart and
the mutant caAkt protein circumvented cardiac growth retar-
dation induced by a mutant kdPI3K protein. These results
suggest that Akt is an important downstream effector of PI3K
in promoting heart growth in the intact animal.
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