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Abstract
Signaling through cAMP plays an important role in heart failure. Phosphorylation of cAMP
response element binding protein (CREB) at serine-133 regulates gene expression in the heart. We
examined the functional significance of CREB-S133 phosphorylation by comparing transgenic
models in which a phosphorylation resistant CREB-S133A mutant containing either an intact or a
mutated leucine zipper domain (CREB-S133A-LZ) was expressed in the heart. In vitro, CREB-
S133A retained the ability to interact with wild-type CREB, whereas CREB-S133A-LZ did not. In
vivo, CREB-S133A and CREB-S133A-LZ were expressed at comparable levels in the heart;
however, CREB-S133A markedly suppressed the phosphorylation of endogenous CREB, whereas
CREB-S133A-LZ had no effect. The one-year survival of mice from two CREB-S133A-LZ
transgenic lines was equivalent to nontransgenic littermate control mice (NTG), whereas
transgenic CREB-S133A mice died with heart failure at a median 30 wk of age (P < 0.0001).
CREB-S133A mice had an altered gene expression characteristic of the failing heart, whereas
CREB-S133A-LZ mice did not. Left ventricular contractile function was substantially reduced in
CREB-S133A mice versus NTG mice and only modestly reduced in CREB-S133A-LZ mice (P <
0.02). When considered in light of other studies, these findings indicate that overexpression of the
CREB leucine zipper is required for both inhibition of endogenous CREB phosphorylation and
cardiomyopathy in this murine model of heart failure.
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Signaling through cAMP plays an important role in the pathogenesis of human heart failure
(30). One target of cAMP signaling in cardiac myocytes is transcriptional regulation
mediated through the 43-kDa basic leucine zipper transcription factor cAMP responsive
element (CRE) binding protein (CREB). Members of the CREB/CRE modulator (CREM)/
activating transcription factor (ATF) family of transcription factors have important roles in
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cardiomyocyte biology and heart failure (6, 16, 26, 29). Myocardial target genes of CREB
relevant to the pathogenesis of heart failure include Bcl2 (14, 32), inducible cAMP early
repressor (3), and cardiotrophin-1 (9, 14).

The CREB/CREM/ATF family members contain a kinase-inducible transcriptional
activation domain (10). Within this domain, CREB serine-133 is phosphorylated in
cardiomyocytes following adrenergic stimulation (23) by cAMP-dependent activation of
PKA (18) and by other kinase pathways relevant to cardiomyocyte survival and contractility,
including Akt (4) and p38 mitogen- and stress-activated protein kinase-1 (18). cAMP-
stimulated CREB serine-133 phosphorylation leads to its association with CREB binding
protein (CBP) and p300 coactivator protein binding (20), activating gene expression
selectively through an interaction with the TATA boxdependent basal transcriptional
machinery (1, 2). In addition to the kinase-regulated transcriptional activation domain, the
CREB protein includes a conserved COOH-terminal basic and leucine zipper domain
responsible for protein dimerization and DNA binding (5). Through alternative splicing, the
CREM gene produces two isoforms distinguished by unique leucine zipper domains that
have 75% and 95% identity with CREB (8).

Compensation by CREM/ATF proteins may explain the lack of cardiac phenotype in CREB
gene deletion models (13, 19). Instead, how CREB may regulate cardiomyocyte function has
been explored in vivo in transgenic models. In particular, the CREB-S133A mutant, which
cannot be phosphorylated (6, 17), can inhibit gene activation by CREB and other members
of the CREB/CREM/ATF family by occupying CRE (34). Cardiomyocyte-targeted
overexpression of the CREB-S133A mutant produces many features characteristic of human
heart failure, including resistance to β-adrenergic stimulation, systolic and diastolic left
ventricular (LV) dysfunction, depressed contractility, signs of chronic left and right heart
failure, arrhythmia, and early mortality (7). Overexpression of a naturally occurring CREM
splice variant including the basic leucine zipper (24) without the transcriptional activation
domains [myosin heavy chain (MHC)-CREM-IbΔC-X] also produces heart failure,
arrhythmia, and death despite enhanced contractility and systolic function (25).

A common molecular finding in MHC-CREB-S133A and MHC-CREM-IbΔC-X transgenic
(TG) mice is a reduced level of the phosphorylated form of the endogenous CREB protein
(6, 25). This suggests the hypothesis that inhibition of endogenous CREB phosphorylation is
mediated through leucine zipper interactions and is responsible for a lethal heart failure
phenotype. To examine this hypothesis, we therefore created TG mice overexpressing a
CREB protein harboring both the nonphosphorylatable dominant-negative mutation
(S133A) as well as loss-of-function leucine zipper mutations (L318V, L325V) targeted for
expression in the adult heart by the mouse α-MHC gene promoter (MHC-CREB-S133A-
LZ). Physiological and molecular analysis of these TG mice demonstrated that removing
leucine zipper function normalizes levels of endogenous phospho-CREB and protects mice
from a lethal heart failure phenotype. These data provide novel insights into the molecular
basis by which perturbation of myocardial CREB/CREM signaling produces heart failure in
vivo.

METHODS
Gene constructs

The hemagglutinin epitope-tagged CREB-S133A cDNA (6) was subcloned into pcDNA3
(Invitrogen) to generate pcDNA3-CREB-S133A. Site-directed mutagenesis (Stratagene) was
used to introduce L318V and L325V mutations in the CREB leucine zipper domain, thus
generating pcDNA3-CREB-S133A-LZ. Primers used for mutagenesis were 5′-GCA-GTG-
GTT-GAA-AAT-CAA-AAC-AAG-ACA-GTG-ATT-GAG-GAG-3′ and 5′-CTC-CTC-
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CAT-CAC-TGT-CTT-GTT-TTG-ATT-TTC-AAC-CAC-TGC-3′, with the mutated codons
substituting valine for leucine indicated in boldface. The Xho1 fragment from pcDNA3-
CREB encoding the CREB leucine zipper (nucleotides 852 to 984) was subcloned to
produce the pGEX-CREB-LZ plasmid.

Glutathione-S-transferase pull down
Glutathione-S-transferase (GST) and GST-CREB proteins expressed in BL21 cells from the
pGEX and the pGEX-CREB-LZ plasmids, respectively, were purified on Glutathione
Sepharose 4B (Amersham Biosciences). Recombinant CREB-S133A and CREB-S133A-LZ
proteins were expressed and labeled with [35S]-methionine (Amersham Biosciences) from
their respective pcDNA3 constructs using the TnT T7 Coupled Reticulocyte System
(Promega). The radiolabeled proteins were mixed with GST fusion proteins immobilized on
Glutathione Sepharose 4B in phosphate-buffered saline supplemented with 1% bovine
serum albumen and 0.1% Nonidet P-40. After 20 min, the beads were washed with the
binding buffer for 10 min with three buffer exchanges. Proteins eluted in sample buffer were
separated by SDS-PAGE. The dried gel was exposed to Kodak BioMax MR
autoradiography film.

Generation of TG mice
The CREB-S133A-LZ cDNA was subcloned downstream from the 5.8-kb α-MHC promoter
fragment, including exons 1–3 and upstream of the SV40 polyadenylation site (11).
Linearized plasmid was injected into the pronucleus of fertilized single-cell ICR (Taconic)
embryos to produce MHC-CREB-S133A-LZ TG mice. Founders were identified by
Southern blot analysis of tail DNA as previously described (6). All animal experimentation
was performed in accordance with National Institutes of Health guidelines and according to
protocols approved by the Animal Care and Use Committee of Tufts University and Medical
College of Georgia. The generation of MHC-CREB-S133A mice was previously described
(6). Male MHC-CREB-S133A mice had been crossed with wild-type ICR female mice for
more than six generations; as such, all lines of mice described in this report shared the ICR
background.

Western blot analysis
Hearts were rapidly frozen in liquid nitrogen. Heart tissue was homogenized (30 s) in buffer
(1 mM Tris · HCl, pH 7.4) containing protease inhibitors (Roche complete protease inhibitor
cocktail). The soluble lysates were separated by SDS-polyacrylamide gel electrophoresis
under reducing conditions and electroblotted onto polyvinylidene difluoride membranes.
Membranes were probed with anti-CREB (Cell Signaling), anti-CREB phosphoserine-133
(Cell Signaling), and anti-hemagglutinin (Covance) followed by goat anti-rabbit
phosphatase (Amersham Biosciences). The chemifluorescent image was developed on a
phosphorimager (Molecular Dynamics).

Real-time PCR
Total RNA was extracted from ventricles using TRIzol (Invitrogen) and treated with
DNAseI (Roche Diagnostics) to remove genomic DNA contamination. cDNA synthesized
from 1 μg total RNA using SuperScript III reverse transcriptase and oligo (dT) primers
(Invitrogen) was diluted 1:100, and 1 μl was used for each PCR amplification, performed in
triplicate, with QuantiTect SYBR Green MasterMix (Qiagen). Mouse transcripts were
measured using custom primers for brain natriuretic peptide (BNP) (S-
AGTCCTAGCCAGTCTCCAGAGCAA and AS-CAACTTCAGTGCGTTACAGCCCAA),
β-MHC (S-CTGGAGAAGATCCGAAAGCA and AS-GTGTCCTTCAGCAAACTCTGG),
sarco(endo)plasmic reticulum Ca2+ ATPase (SERCA2) (S-
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ATGACAATGGCACTTTCTGTTCTA and AS-AGGAGATTTTCAGCACCATCAG), and
GAPDH as described (33). PCR products were verified by sequence analysis. Fluorescence
data were analyzed with MJ Research Opticon sequence detection software (Bio-Rad), and
PCR efficiency was calculated from slopes of standard curves. Fold changes in gene
expression were determined using Q-gene (35) and normalized to GAPDH after correcting
for differences in amplification efficiency.

Echocardiography
The day before the terminal hemodynamic study, 6-mo-old mice underwent transthoracic
echocardiographic analysis as previously described (31). Briefly, mice were sedated with
1.5% inhaled isoflurane. A commercially available echocardiography system (HDI 5000,
ATL, Bothell, WA) was utilized as previously described (31). Two-dimensional and M-
mode images were recorded from the short axis at the high papillary muscle level as the
mouse regained consciousness. Cardiac function was measured at the lowest levels of
sedation that allowed accurate discrimination of the myocardial walls.

Hemodynamic evaluation
Mice were anesthetized with 2.0% inhaled isoflurane. Care was taken to maintain body
temperature at 37.0 ± 0.5°C. The right cervical region was prepped, and following incision,
the right common carotid artery was isolated by blunt dissection. A 1.4-Fr Millar pressure
catheter was introduced into the right carotid artery and passed into the ascending aorta.
After hemodynamic measurements were recorded in the aorta, the catheter was passed
retrograde into the left ventricle. After a stable pressure tracing was achieved,
intraventricular pressure recordings were made.

Electrophysiology studies
The MHC-CREB-S133A-LZ mice were evaluated in the same manner as described
previously for the MHC-CREB-S133A mice (37). Briefly, a 2-Fr octapolar mouse
electrophysiology catheter was advanced through the right external jugular vein, placing
proximal electrodes in the right atrium and distal electrodes into the right ventricle. The
midelectrodes were used to record the His-bundle electrogram. Surface ECG and
intracardiac electrograms were recorded, and cardiac intervals were measured as previously
described (37). Finally, programmed ventricular stimulation of the right ventricular apex
was performed to assess the inducibility of ventricular arrhythmias as previously described
(37).

Statistical analysis
Values are means ± SE. The significance of expression differences was determined by one-
way ANOVA with pairwise multiple comparisons performed using the Holm-Sidak method
as administered by the Sigma Stat program (Systat Software). When groups were compared
with the NTG group and each other, ANOVA was performed using the Student-Neuman-
Keuls test correction for multiple group comparisons. For all data, a P value of <0.05 was
considered significant.

RESULTS
CREB-S133A-LZ does not bind the CREB leucine zipper

To explore the role of the CREB leucine zipper in CREB-S133A-induced cardiomyopathy,
we first used a GST pull-down assay to compare the ability of mutant CREB proteins
containing either just the S133A mutation (CREB-S133A) or both the S133A mutation and
the leucine zipper mutations (CREB-S133A-LZ; Fig. 1A) to bind wild-type CREB leucine
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zipper. The CREB-S133A-LZ protein expressed by an in vitro transcription-translation
system was confirmed to be a similar size as CREB-S133A. We then incubated [35S]-
methionine-labeled recombinant proteins with GST or GST fused to the CREB leucine
zipper (GST-CREB). The immobilized GST protein alone retained neither protein.
Consistent with the known requirement of leucine-318 and -325 for CREB dimer formation,
the CREB-S133A protein was retained by GST-CREB, whereas CREB-S133A-LZ was not
(Fig. 1B). Thus the loss-of-function mutations introduced into the CREB leucine zipper
domain in the CREB-S133A-LZ construct interfered with leucine zipper-mediated binding
interactions.

Generation and characterization of CREB-S133A-LZ TG mice
Two lines of TG mice expressing CREB-S133A-LZ under the transcriptional control of the
cardiac-restricted MHC promoter were created by pronuclear injection. Heart mass
normalized to body weight was not significantly different in 10–12-wk-old MHC-CREB-
S133A-LZ TG and NTG littermate females [mean ± SD, 3.66 ± 0.56 (n = 16) vs. 3.49 ± 0.69
(n = 6) mg/g, P = not significant (NS)] and male mice [4.29 ± 0.17 (n = 6) vs. 4.77 ± 1.86 (n
= 7) mg/g, P = NS] from line 1.

Preserved phospho-CREB serine-133 in leucine zipper mutant TG mice
The CREB-S133A-LZ lines were compared with the same line of MHC-CREB-S133A line
mice previously described (6). Expression of similar or greater amounts of recombinant
MHC-CREB-S133A-LZ compared with CREB-S133A was confirmed by Western blot
analysis (Fig. 2A). The abundance of cardiac serine-133 phosphorylated CREB is markedly
reduced in CREB-S133A TG mice (6). To determine whether CREB-S133A-LZ also
lowered endogenous CREB serine-133 phosphorylation levels, total ventricular protein
extracts were probed with an antibody specific for serine-133 phosphorylated CREB.
Western blot analysis confirmed markedly reduced phosphorylated CREB serine-133 in the
setting of CREB-S133A overexpression, whereas phosphorylated CREB protein in CREB-
S133A-LZ TG hearts was not different than NTG littermate control (Fig. 2B). These data
demonstrate that an intact leucine zipper domain is required for inhibition of myocardial
CREB phosphorylation in CREB-S133A TG mice.

CREB-S133A-LZ mouse 1-yr survival is normal
Whereas MHC-CREB-S133A mice develop signs of advanced heart failure, leading to early
mortality as previously described (6, 37), both lines of MHC-CREB-S133A-LZ TG mice
appeared healthy and free of overt heart failure. To determine whether the cardiomyocyte
effects of CREB-S133A-LZ expression were simply delayed, we analyzed survival of mice
from the two TG lines over 1 yr. MHC-CREB-S133A mice died starting at 15 wk of age,
and by 30 wk of age, half of the TG mice were dead (Fig. 3). By comparison, survival was
not significantly reduced after 52 wk in both lines of MHC-CREB-S133A-LZ TG mice.

Gene expression in CREB-S133A-LZ TG hearts
Increased β-MHC and BNP expressions, along with reduced SERCA2 expression, are
genetic changes characteristically found in human and experimental heart failure, including
in MHC-CREB-S133A TG mice (6). To determine whether survival of mutant CREB TG
mice correlated with ventricular gene expression, we tested the expression of these genes
associated with the heart failure phenotype using quantitative PCR. There was no difference
in β-MHC, BNP, and SERCA2 transcript levels, relative to GAPDH, in 6-mo-old CREB-
S133A-LZ mouse hearts (n = 7) compared with NTG hearts (n = 5) (Fig. 4). By comparison,
CREB-S133A mice (n = 2) had significantly greater expression of BNP and β-MHC and a
trend toward reduced SERCA2 (P = 0.06) (Fig. 4), consistent with their known heart failure
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phenotype (6). The normal gene expression pattern found in CREB-S133A-LZ mice is
consistent with the leucine zipper mutant TG mice having a markedly less severe phenotype
than CREB-S133A mice.

Cardiac function is markedly less impaired in CREB-S133A-LZ TG mice than in CREB-
S133A mice

To determine the in vivo effects of the leucine zipper mutations on the generation of heart
failure in the α-MHC-CREB-S133A model, we utilized echocardiography and LV
catheterization to compare the cardiac function of 6-mo-old MHC-CREB-S133A-LZ mice
with that of MHC-CREB-S133A mice and littermate NTG mice. Cardiac catheterization
studies demonstrated that MHC-CREB-S133A-LZ TG mice have a similar heart rate and
systolic blood pressure as NTG littermate control mice (Table 1). However, the systolic
blood pressure was significantly lower in MHC-CREB-S133A mice. Systolic and diastolic
cardiac performance is proportional to the change in the maximum and minimum first
derivative of LV pressure during contraction (dP/dtmax) and relaxation (dP/dtmin),
respectively. Consistent with the prior report (6), CREB-S133A mice were found to have a
significantly reduced dP/dtmax and dP/dtmin (Table 1). dP/dtmax and dP/dtmin were also
significantly blunted in CREB-S133A-LZ mice compared with NTG.

Echocardiography revealed that the LV end-diastolic diameter was similar in CREB-S133A-
LZ and NTG animals, whereas the LV end-diastolic diameter was significantly greater in
CREB-S133A mice (Table 2). LV end-systolic diameter was greater in MHC-CREB-
S133A-LZ TG mice than in NTG mice; however, CREB-S133A mice demonstrated an even
greater LV end-systolic diameter than did CREB-S133A-LZ mice (Table 2). Fractional
shortening in MHC-CREB-S133A-LZ mice was significantly reduced compared with NTG
mice; however, fractional shortening was reduced to a significantly greater extent in MHC-
CREB-S133A mice than in MHC-CREB-S133A-LZ mice (Table 2). Taken together, these
data support, therefore, that the introduction of the leucine zipper mutation partially reverses
the dilated cardiomyopathic phenotype of the MHC-CREB-S133A mice.

Ventricular arrhythmias were not inducible in CREB-S133A-LZ mice
Because MHC-CREB-S133A TG mice can die suddenly and have significant tachy- and
bradyarrhythmias (37), we tested the electrophysiological properties of MHC-CREB-
S133A-LZ TG and NTG mice. The atrioventricular effective refractory period and the 2:1
atrioventricular cycle length (mean ± SD, 76.6 ± 5.8 vs. 80.0 ± 7.1, NTG vs. CREB-S133A-
LZ, P = NS) were similar in MHC-CREB-S133A-LZ TG and NTG littermate control mice.
Furthermore, whereas MHC-CREB-S133A mice were found to have significant spontaneous
and inducible ventricular arrhythmias (37), no arrhythmias were induced by extra stimuli in
TG MHC-CREB-S133A-LZ mice (n = 5) or NTG littermate control mice in this experiment
(n = 3) using identical techniques.

DISCUSSION
When compared with MHC-CREB-S133A mice, which develop cardiomyopathy associated
with overt heart failure, arrhythmia, and death (6, 7), MHC-CREB-S133A-LZ TG mice
develop mild ventricular contractile dysfunction that is not associated with the expression of
genetic heart failure markers, arrhythmia, or early mortality. Differences in contractile
function between CREB-S133A and CREB-S133A-LZ mice were most apparent in
echocardiography studies (Table 2) performed on lightly sedated awake mice. The deeper
anesthesia required for cardiac catheterization studies may have limited our ability to detect
significant differences other than dP/dtmin between CREB-S133A and CREB-S133A-LZ
mice. The profound differences between these two TG models is unlikely to be a nonspecific
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effect (12), and it cannot be ascribed to differences in CREB protein expression because the
CREB-S133A-LZ protein was as abundant, or more abundant, than the CREB-S133A
protein (Fig. 2). These findings strongly suggest that the leucine zipper domain plays a
critical role in the pathogenesis of severe cardiomyopathy and advanced heart failure in
MHC-CREB-S133A mice. The less severe myopathic changes found in MHC-CREB-
S133A-LZ TG mice may be caused by the inhibition of additional unknown transcriptional
regulatory signals that are not dependent on intact leucine zipper function. However,
because the leucine zipper mutant TG mice do not develop overt heart failure or premature
death, these findings support the conclusion that the CREB leucine zipper is necessary for
the severe heart failure phenotype caused by expression of the CREB-S133A mutant.

There are several possible mechanisms that may explain why CREB-S133A-dependent heart
failure requires an intact leucine zipper. First, because the leucine zipper mutations used are
known to significantly weaken DNA binding (21), CREB-S133A-LZ would not be expected
to block p300/CBP-dependent transcription stimulated by the endogenous wild-type CREB
protein (36). Second, transcriptional effects mediated by the interaction of CREB-S133A
with the transducer of regulated CREB coactivator proteins (TORC) (15) would be unlikely
because TORC protein binding requires the CREB basic/leucine zipper domain (15). Third,
although CREB-S133A may broadly prevent downstream activation of CRE-regulated genes
by forming complexes with endogenous CREB/CREM/ATF proteins, the leucine zipper
mutant may be unable to sequester these proteins. An important contribution of this
mechanism is supported by the GST pull-down protein-protein interaction studies which
demonstrated that CREB-S133A, but not CREB-S133A-LZ, can bind endogenous CREB
(Fig. 1B).

In addition to genomic mechanisms, the studies presented here suggest an important role of
the CREB leucine zipper domain in regulating CREB phosphorylation. Numerous kinase
signaling pathways, including PKA (18), Akt/PKB (4), and PKC (27), can phosphorylate
CREB serine-133. Similar to the prior report (6), we found markedly reduced endogenous
serine-133 phospho-CREB levels in the hearts of CREB-S133A TG mice (Fig. 2B).
Conceivably, an overexpression of CREB protein with a mutated kinase inducible domain
may competitively inhibit endogenous CREB phosphorylation. However, a direct inhibitory
effect of the mutated kinase inducible domain is not likely because an overexpression of the
CREM basic/leucine zipper domain alone, lacking the kinase inducible domain, also
lowered phospho-CREB levels (25). Furthermore, our data show that overexpression of the
mutated kinase inducible domain together with mutations in the leucine zipper does not
lower endogenous phospho-CREB levels. Taken together, these findings strongly suggest
that the CREB leucine zipper plays a critical role in regulating CREB phosphorylation.

Pharmacological kinase stimulants and inhibitors have a direct effect on cardiac function
and heart failure. Overexpression of CREB/CREM/ATF family members in the heart has
been found to lower endogenous phosphorylated CREB levels, and our studies demonstrate
that the leucine zipper is required for this effect. The mechanism by which the CREB
leucine zipper inhibits phosphorylation is not clear. The CREB leucine zipper is a strong
interaction domain that forms homodimers; heterodimers are selectively formed with
proteins containing a similar basic leucine zipper domain (28). PKA, the prototypical kinase
that phosphorylates CREB (22), does not have a leucine zipper. However, PKA does form
complexes with leucine zipper proteins (36), suggesting that either a direct or an indirect
interaction may be possible. Changes in intracellular protein phosphatase activity induced by
overexpression of CREB/CREB leucine zippercontaining proteins may also account for
differences in endogenous CREB phosphorylation (25).
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In conclusion, differences in cardiac CREB phosphorylation between CREB-S133A and
CREB-S133A-LZ TG mice are associated with profound differences in heart failure severity
seen in these two models. Future studies will help define whether the leucine zipper-
dependent effects are mediated through a direct effect of CREB-S133A protein blocking
p300/CBP-dependent gene expression at the genomic level or through a nongenomic effect
that prevents CREB serine-133 phosphorylation. Taken together with prior reports, the data
presented in this report demonstrate a critical role for the CREB leucine zipper in
cardiomyocyte signaling and heart failure pathogenesis.
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Fig. 1.
A: diagram of cAMP response element binding protein (CREB)-S133A and CREB-S133A-
leucine zipper (LZ) protein structure. The amino acid location of each mutation is shown in
relationship to the kinase inducible domain (KID), the DNA binding domain (DBD), and the
LZ. B: CREB-S133A-LZ does not associate with the CREB LZ. Twenty percent of the
[35S]-methionine-labeled in vitro translation product used for binding is shown in the first
lane. After the radiolabeled proteins had been incubated with immobilized glutathione-S-
transferase (GST) or GST-CREB, the beads were washed and the bound proteins were
eluted and separated by 10% SDS-PAGE. CREB-S133A was selectively retained by the
CREB LZ GST fusion protein and not by GST alone (B, top). The GST-CREB protein,
which includes only the CREB LZ, did not retain the CREB-S133A-LZ mutant protein (B,
bottom). Shown are representative results from 3 experiments.
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Fig. 2.
A: cardiac expression of hemagglutinin (HA)-CREB mutant proteins. Equivalent amounts of
whole heart lysates were separated and probed using an anti-CREB antibody (A, top) and an
anti-HA antibody (A, bottom). Endogenous CREB protein was evident as 2 molecular
species (top, solid arrows). The CREB transgene, which migrates more slowly because of
the HA tag, was visible above the endogenous protein (top, open arrowhead). CREB-S133A
expression was detected as a weak band by HA staining (bottom, second lane), whereas 2
lines of CREB-S133A-LZ mice showed more abundant transgene expression. B: CREB-
S133A-LZ mice have preserved serine-133 phospho-CREB levels. Whole heart lysate
immunoblots following SDS-PAGE were probed for serine-133 phospho-CREB levels. The
separation of equivalent amounts of whole heart lysate is shown by Ponceau red staining (B,
bottom). Abundant serine-133 phospho-CREB was found in nontransgenic (NTG) and
transgenic CREB-S133A-LZ mice but not in CREB-S133A mice. Shown is a representative
experiment of 3 from the LZ mutant line 1.
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Fig. 3.
CREB-S133A-LZ mice survive normally. Graph shows Kaplan-Meyer curves of CREB-
S133A (n = 118), CREB-S133A-LZ line 1 (n = 88), CREB-S133A-LZ line 2 (n = 93), and
NTG (n = 149) littermate control mice. Although early death of CREB-S133A mice became
apparent by 20 wk of age, no significant death of CREB-S133A-LZ mice was evident by 1
yr.
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Fig. 4.
CREB-S133A-LZ hearts do not express markers of heart failure. Bars represent (means ±
SE) brain natriuretic peptide (BNP; left), β-myosin heavy chain (β-MHC; middle), and
sarco(endo)plasmic reticulum Ca2+-ATPase (SERCA2; right) transcript abundance relative
to GAPDH. Whereas expression of the BNP and β-MHC transcripts was significantly
different in CREB-S133A mice, the LZ mutant mice showed no difference compared with
NTG controls. *P < 0.05 compared with NTG.
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Table 1

Hemodynamics in MHC-CREB-S133A and MHC-CREB-S133A-LZ NTG and TG mice

NTG CREB-S133A-LZ CREB-S133A

n 7 6 5

Heart rate, beats/min 538±25 612±23 611±28

Diastolic pressure, mmHg 95.5±6.4 89.4±4.2 66.6±3.0*,†

Diastolic pressure, mmHg 65.4±6.3 61.9±5.8 54.3±3.6

dP/dtmax, mmHg/s 11,676±532 7,527 ±501* 6,480±189*

dP/dtmin, mmHg/s 12,151±550 8,316±625* 5,588±435*,†

Values are means ± SE; n, number of animals. MHC, myosin heavy chain; TG, transgenic; NTG, nontransgenic; dP/dtmax and dP/dtmin,

maximum and minimum first derivative of left ventricular (LV) pressure during contraction and relaxation, respectively.

*
P < 0.05 vs. NTG mice; and

†
P < 0.05 vs. cAMP response element binding protein (CREB)-S133A-leucine zipper (LZ) mice.
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Table 2

Echocardiographic data in TG MHC-CREB-S133A and MHC-CREB-S133A-LZ TG vs. NTG mice

NTG CREB-S133A-LZ CREB-S133A

n 7 6 5

Heart rate, beats/min 751±15 753±28 776±27

LVEDD, mm 2.5±0.1 2.7±0.2 3.9±0.1*,†

LVESD, mm 1.0±0.1 1.4±0.1* 3.0±0.1*,†

FS, % 61.7±2.9 47.1±1.7* 21.8±0.7*,†

Values are means ± SE; n, number of animals. LVEDD and LVESD, LV end-diastolic and -systolic diameters, respectively; FS, fractional
shortening.

*
P < 0.05 vs. NTG;

†
P < 0.05 vs. CREB-S133A-LZ.
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