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Abstract
The muscle-specific protein NRAP is concentrated at cardiac intercalated disks, plays a role in
myofibril assembly, and is upregulated early in mouse models of dilated cardiomyopathy. Using a
tet-off system, we developed novel transgenic lines exhibiting cardiac-specific NRAP
overexpression ~ 2.5 times greater than normal. At 40-50 weeks, NRAP overexpression resulted in
dilation and decreased ejection fraction in the right ventricle, with little effect on the left ventricle.
Expression of transcripts encoding brain natriuretic peptide and skeletal α-actin was increased by
cardiac-specific NRAP overexpression, indicative of a cardiomyopathic response. NRAP
overexpression did not alter the levels or organization of N-cadherin and connexin-43. The results
show that chronic NRAP overexpression in the mouse leads to right ventricular cardiomyopathy
by 10 months, but that the early NRAP upregulation previously observed in some mouse models
of dilated cardiomyopathy is unlikely to account for the remodeling of intercalated disks and left
ventricular dysfunction observed in those cases.
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INTRODUCTION
The cardiac intercalated disk is a complex structure found at the longitudinal ends of
cardiomyocytes [1]. The adherens junction region of the intercalated disks is where
myofibrils terminate and link to complexes of membrane-associated proteins inside the
cardiomyocyte, and where cardiomyocytes are mechanically coupled to each other through
homophilic interaction of N-cadherin molecules embedded in the membranes of adjacent
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cells. These connections allow mechanical force generated by the myofibrils to be
transmitted to the membrane and neighboring cells. Intercalated disks are also responsible
for electrical coupling between neighboring cardiomyocytes via gap junctions formed by
connexin-43.

NRAP is a striated muscle-specific protein that is concentrated at intercalated disks in
cardiac muscle and at myotendinous junctions in skeletal muscle [2]. Ultrastructural studies
showed that NRAP is located in the terminal actin bundles that link the ends of the
myofibrils to the membranes [3,4]. NRAP is a multidomain scaffolding protein with many
potential binding partners [5-7]. Its N-terminal LIM domain can bind talin and α-actinin; its
single nebulin repeats can bind α-actinin, actin, muscle LIM protein (MLP) and Krp1; and
its nebulin-related super repeats can bind actin, vinculin, filamin and Krp1. On the basis of
its domain organization, subcellular localization, and multiple binding partners, we
hypothesized that NRAP may serve a mechanical role, linking the terminal actin filaments
of myofibrils to the specific proteins concentrated in these junctional regions [7]. This model
was further supported by biochemical copurification of NRAP with cardiac intercalated
disks, as well as with isolated, detergent washed myofibrils, demonstrating NRAP's tight
association with both myofibril ends and the membrane-associated structures to which they
attach [4]. Subsequent experiments have implicated NRAP as an obligatory molecular
scaffold in the first steps of myofibril assembly [8-10].

Changes in the expression of NRAP and other components of cardiac intercalated disks have
been observed in dilated cardiomyopathy (DCM) [6,11,12]. DCM is a prevalent disease of
the heart characterized by dilated and poorly functioning ventricles [13]. Greater than 20%
of cases appear to have a genetic basis, and a diverse group of genes have been identified as
dominant loci for the disease [14]. Several of these genes encode cytoskeletal proteins,
leading to the suggestion that compromised force transmission is one primary cause of DCM
[14,15]. The DCM-causing genes at many other loci remain unidentified [14].

Previous studies showed that NRAP protein levels are increased in two genetic mouse
models of DCM [6]. One of these is the muscle LIM protein (MLP) knockout mouse [16],
while the second is a tropomodulin-overexpressing transgenic (TOT) mouse [17]. MLP
protein is also decreased in the TOT mouse [6]. In both mouse models, NRAP upregulation
occurs soon after birth, preceding other molecular and morphologic changes associated with
the cardiomyopathy. MLP directly binds NRAP in vitro [6], and MLP mutations associated
with human cardiomyopathy have been shown to lead to decreased MLP binding to NRAP
and α-actinin [18]. These findings implicate increased NRAP expression in the pathogenesis
of cardiomyopathy.

Here we use the cardiac-specific tet-off transgenic mouse system [19] to directly test the
effects of NRAP overexpression on cardiac structure and function. We found that the
NRAP-overexpressing transgenic animals exhibited right ventricular dilation and
dysfunction, with little effect on the left ventricle. The results demonstrate that the excess
NRAP expression observed in the MLP knockout mouse and the TOT mouse is unlikely to
account for the development of left ventricular DCM in those systems.

MATERIALS AND METHODS
Transgenic Animals

A transgene was designed to express full length mouse cardiac NRAP under control of the
tetracycline-controlled transactivator protein (tTA) (Figure 1A). The coding region of the
complete mouse cardiac NRAP cDNA was cloned into the pTRE2hyg2-Myc plasmid
(Clontech Laboratories, Mountain View, CA) as previously described [8]. The final
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construct matched the exons embedded in the mouse genomic DNA sequence (Genbank
GenInfo Identifier number 20890983). The 8375 bp transgene encoding myc-NRAP was
excised by double digestion with HpaI and PvuI. Transgenic mice were produced from this
construct by standard pronuclear microinjection of fertilized FVB mouse eggs and screened
by Southern blot under a contract agreement with the Laboratory Animal Sciences Program
of the National Cancer Institute (Frederick, MD).

Mice expressing tTA specifically in the heart under control of the rat α-myosin heavy chain
promoter [19] were rederived from frozen embryos obtained from the Jackson Laboratory
(Bar Harbor, ME; strain FVB/N-Tg(MHCAtTA)6Smbf/J). In our hands the resulting male
animals were infertile when mated with wild type or myc-NRAP transgenic females.
Therefore all matings with this strain were performed using only the female mice.

The myc-NRAP and tTA transgenic strains were propagated by mating with wild type FVB
mice. The hemizygous myc-NRAP transgenic males were mated with tTA transgenic
females to produce double transgenic, single transgenic, and wild type animals for
experiments. All pups were weaned at 3 weeks after birth. In pilot experiments, some
animals were exposed to doxycycline (dox) to suppress transgene expression; mating pairs
were fed dox diet pellets containing 400 mg dox/kg (Bio-Serv, Frenchtown, NJ). At weaning
all pups were placed on a normal diet without dox.

All animals were assayed for the presence of the myc-NRAP and tTA transgenes by PCR
analysis of genomic DNA. Genomic DNA was isolated from tail biopsies using the iPrep
ChargeSwitch gDNA Tissue Kit (Invitrogen Corporation, Carlsbad, CA), and PCR was
performed using the Advantage 2 PCR Kit (Clontech, Mountain View, CA) and the primers
listed in table 1. The amplification protocol was 1 cycle at 95 °C for 1 minute; 30 cycles at
95 °C for 30 seconds, then 68 °C for 1 minute; and then 1 cycle at 68 °C for 1 minute. PCR
products were visualized by agarose gel electrophoresis.

Protein Isolation and Immunoblotting
Mouse tissues were dissected and stored at −80 °C until use. Samples were prepared for
immunoblot analysis [2], and equal amounts of protein were separated by gel
electrophoresis, blotted to PVDF, and probed with antibodies as previously described [9].
Primary polyclonal antibodies against NRAP [2] and nonmuscle myosin heavy chain IIB
(NMHC IIB) (Covance, Emeryville, CA) were diluted 1:2000, and antibody against
connexin-43 (Sigma-Aldrich, St. Louis, MO) was diluted 1:5000. Monoclonal antibodies
against c-Myc (Clontech, clone 9E10), N-cadherin (Research Diagnostics, Flanders, NJ,
RDI-NCADHERabm), and GAPDH (Abcam, Cambridge, MA, clone 6c5) were diluted
1:200, 1:1000, and 1:5000 respectively. Stabilized goat anti-rabbit and anti-mouse HRP
conjugated secondary antibodies (Pierce, Rockford, IL) were used at 1:2000 to 1:5000
dilutions. Protein levels were quantitated by densitometric analysis and normalized to
GAPDH in the same samples.

RNA Isolation and Real-Time PCR
Total RNA was purified from mouse tissues [20], first-strand cDNA synthesized and gene
expression quantitated by real-time PCR [9] as previously described. PCR primers are
indicated in Table 1. The amplification protocol was 1 cycle at 95 °C for 10 minutes; 40
cycles at 95 °C for 30 seconds, then 60 °C for 1 minute, then 72 °C for 30 seconds. In
simultaneously run reactions, 18s rRNA was amplified using QuantumRNA 18s Universal
Internal Standard primers (Ambion). Gene expression was normalized to 18s mRNA levels
in the same sample, and the normalized values were expressed as a fraction of the value in
wild type controls.
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Light Microscopy
Mice were euthanized by CO2 inhalation. Hearts were dissected and immersed for 20
minutes in relaxation buffer (80 mM potassium acetate, 10 mM potassium phosphate, 5mM
EGTA, pH 7.2-7.4), rinsed in PBS, and fixed in PBS containing 4% paraformaldehyde for 1
hour. The fixed hearts were cryoprotected in PBS containing 30% sucrose at 4°C overnight,
then frozen for sectioning. Transverse frozen sections were cut 10 μm thick, and sections at
100-150 μm intervals were stained with hematoxylin and eosin (H&E) (Histoserve, Inc.
Germantown, MD). Unstained frozen sections were stored at −80°C and used for antibody
staining.

Low magnification images of H&E stained transverse heart sections were captured using an
Olympus SZX9 dissecting microscope with a 1X objective and a Spot Insight 2 Megapixel
CCD camera. Ventricular wall thicknesses and chamber diameters were averaged from
measurements taken from five sections adjacent to the largest transverse diameter of each
heart.

For immunofluorescence, frozen sections were thawed, rinsed in PBS for 5 minutes and then
immersed in methanol at −20 °C for 20 minutes. Slides were quickly rinsed in PBS, then
washed in 0.1% Nonidet P-40 in PBS for 3 minutes at room temperature. Slides were
processed for immunofluorescence using the Vector M.O.M. kit (Vector Laboratories,
Burlingame, CA) and all steps were carried out with gentle agitation on a flatbed orbital
shaker. Primary polyclonal antibodies against NRAP [2] and connexin-43 (Sigma-Aldrich)
were diluted 1:1000 and 1:200, respectively. Primary monoclonal antibodies against c-Myc
(Clontech, clone 9E10), N-cadherin (Research Diagnostics, Flanders, NJ, RDI-
NCADHERabm; or Abcam, clone GC-4) and vinculin (Sigma-Aldrich, clone VIN-11-5)
were diluted 1:200, and antibody against sarcomeric α-actinin (Sigma-Aldrich, clone Ea-53)
was diluted 1:1000. Polyclonal and monoclonal primary antibodies were detected with
Alexa fluor 568-linked goat anti-rabbit and Alexa fluor 488-linked goat anti-mouse
secondary antibodies (Invitrogen) diluted 1:1000. Immunofluorescence experiments were
not optimized to yield quantitative information; therefore relative levels of detected proteins
cannot be inferred from staining intensities [21].

Fluorescent images were captured using a Zeiss Axiovert 135 inverted microscope equipped
with a Photometrics CoolSNAP fx CCD camera (Roper Scientific, Tuscon, AZ) and
interfaced with a Macintosh computer running iVision software (BioVision Technologies,
Exton, PA), as previously described [20]. Fluorescent images were background-subtracted
with ImageJ, a variant of the NIH Image software program developed at the U.S. National
Institutes of Health and available on the internet at http://rsb.info.nih.gov/nih-image/. The
widths of cardiomyocytes that were longitudinally oriented were measured in micrographs
of sections stained with antibodies against vinculin that were captured using a 40X
objective.

In Vivo Echocardiography
Echocardiography data was collected and analyzed by an investigator blinded to genotype.
Animals were lightly anesthetized and maintained with isoflurane anesthesia and kept warm
using a heated stage and radiant heat lamp. Echocardiography was performed using a Vevo
770 High-Resolution In Vivo Imaging System (VisualSonics, Toronto, ON, Canada) with a
RMV 707 “high frame” scan head at a center frequency of 30 MHz and a frequency band of
15–45 MHz, as previously described [22]. Warmed coupling gel was applied between the
skin and scan head. Transverse images at the papillary muscle level were collected in B-
mode and M-mode, and left ventricular wall thicknesses and chamber diameter were
averaged from measurements taken in M-mode over three cardiac cycles.
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In Vivo Magnetic Resonance Imaging
MRI (magnetic resonance imaging) data was collected and analyzed by an investigator
blinded to genotype. Experiments were performed in a 7.0T, 16-cm horizontal Bruker MR
imaging system (Bruker, Billerica, MA) with Bruker ParaVision 4.0 software. Mice were
anesthetized with 1.5-3.0% isoflurane and imaged with ECG and respiratory detection (SA
Instruments, Stony Brook, NY) and temperature detection (FISO fiber optics, Quebec,
Canada) using a 38 mm Bruker birdcage volume coil. Magnevist (Bayer HealthCare,
Montville, NJ) diluted 1:10 with sterile 0.9% saline, was administered intravenously at 0.3
mmol Gd /kg. T1 weighted gradient echo cine images of the heart were acquired in short
axis from base to apex (6 slices) with the following parameters: repetition time TR = 10 to
12 ms, echo time TE= 3.4 ms, 10 to 13 frames, 30 degree flip angle, 3-4 averages, 1.0 mm
slice thickness, 2.8 to 3.0 cm field of view, 256×256 matrix, respiratory and ECG-gated.
Cardiac MRI data was processed to determine ejection fractions, ventricular volumes and
associated functional parameters using CAAS-MRV-FARM software (Pie Medical Imaging,
Netherlands.)

Data Analysis
Statistical analysis was performed on a Macintosh computer using Kaleidagraph software
(Synergy Software, Reading, PA). Results are reported as means ± s.e.m. One way analysis
of variance was used to test for differences among the 4 genotypes, and Fisher's LSD was
used as a post-hoc test to compare all possible combinations of group pairs.

RESULTS
NRAP Overexpression

Founder mice were screened by Southern blot for the presence of the N-RAP transgene, and
positive animals were mated with wild type to establish the N-RAP transgenic lines.
Progeny carrying the N-RAP transgene were mated with the MHC-tTA line and all animals
produced from these matings were assayed by PCR for the presence of the tTA and myc-
NRAP genes (figure 1). Double transgenic animals born from these matings were tested for
myc-NRAP expression by QPCR and western blot. Myc-NRAP protein expression was
specifically detected in hearts of double transgenic animals, but was absent in all animals
that did not carry both transgenes (figure 2A). In a screen of double transgenic animals,
myc-NRAP protein was detected in the hearts of 4 of 10 independent lines (figure 2B), and
in two of these lines (H1005 and H1033) total NRAP protein detected with a polyclonal
anti-NRAP antibody was present at greater than two times the level found in nontransgenic
controls (figures 2A and 2B). We verified that transgenic myc-NRAP expression was
cardiac specific, as myc-NRAP mRNA was detected in hearts of double transgenic animals
by RT-PCR, but was not detected in skeletal muscle, lung, liver, kidney, spleen, or brain
(data not shown). In pilot experiments, we found that double transgenic animals exposed to
doxycycline throughout embryonic development and the first three weeks after birth failed
to express the transgene, even after 22 weeks following removal of the drug. In contrast,
double transgenic animals never exposed to doxycycline expressed constant levels of the
transgenic mRNA during this period (figure 2C). Clearly, transient exposure to doxycycline
can result in chronic suppression of transgene expression in this system. Except where
noted, all subsequent experiments reported were conducted using animals from line H1033
that had never been exposed to doxycycline. Hearts from these animals continued to
overexpress NRAP up to at least 50 weeks of age, containing more than two times the
normal level of NRAP protein found in wild type hearts (figure 2D). No increase in
mortality was observed in the NRAP overexpressing animals during this study.
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Immunofluorescence detection using an anti-myc primary antibody revealed significant
levels of background staining even in hearts from nontransgenic controls. However, specific
localization of the transgenic myc-NRAP protein was detected only in the double transgenic
hearts, where myc labeling was colocalized with anti-NRAP labeling at the intercalated
disks (figure 3). Similar results were observed in hearts from 10 week old and 40 week old
animals.

Gross Cardiac Structure and Function
The tTA/myc-NRAP transgenic mice had normal body and heart weights, and there were no
differences in heart weight/body weight ratios among the four genotypes resulting from
mating the tTA-transgenic and myc-NRAP transgenic lines (data not shown).
Echocardiography failed to demonstrate any large change in left ventricular wall thickness,
inner diameter, or fractional shortening in the 12 week old animals (figure 4, open bars).
However, left ventricular mass calculated from echocardiography data was equally elevated
in both the tTA-transgenic and the tTA/myc-NRAP double transgenic animals (figure 4D,
open bars), consistent with previous data on the tTA-transgenic mice [23]. At 45 weeks the
left ventricle exhibited a small but significant dilation in both the tTA-transgenic and the
tTA/myc-NRAP double transgenic animals, and both of these genotypes also exhibited a
small decrease in mean fractional shortening (figure 4, filled bars). The tTA-transgenic
hearts also exhibited a significant increase in left ventricular mass at this age.

Histological assessment was performed using transeverse sections of the heart taken from
the mid-ventricular region and stained with H&E (figure 5A). No large changes were
observed in left ventricular wall thicknesses or chamber diameter (figure 5B-D). However,
dilation of the right ventricle was observed as an increase in that chamber's inner diameter in
the NRAP-overexpressing double transgenic animals (figure 5F), while no significant
change was observed in the thickness of the right ventricular free wall (figure 5E).
Examination of the H&E stained cardiac sections at higher magnification did not reveal any
obvious loss of cardiomyocytes or cardiac inflammation in the NRAPoverexpressing double
transgenic animals (data not shown).

In order to explore right ventricular structure and function in vivo, we imaged hearts of
40-50 week old animals by MRI (figure 6). The right ventricles exhibited pronounced
changes in the double transgenic NRAP-overexpressing hearts (figure 6A). The right
ventricular chamber was significantly dilated in these animals (figure 6D), and ejection
fraction was reduced ~40% compared to the tTA-transgenic controls and ~65% compared to
the wild type controls (figure 6E). In contrast, the MRI data showed that left ventricular
chamber volumes were only slightly elevated in the tTA/myc-NRAP mice, and this was
accompanied by a small decrease in left ventricular ejection fraction (figure 6B,C).

Cardiomyopathy Markers and Intercalated Disks
The effect of cardiac NRAP overexpression on expression of selected cardiomyopathy
markers was assessed by quantitative real-time PCR. These largely consist of genes that are
highly expressed during fetal cardiac development, but that are reexpressed postnatally
during cardiac hypertrophy. They include the natriuretic peptides ANP and BNP, as well as
fetal isoforms of structural genes such as skeletal α-actin and ß-myosin heavy chain (MHC).
All of these markers were increased in hearts from 40-50 week old tTA-transgenic and tTA/
NRAP double transgenic mice compared to nontransgenic controls; in addition, mean BNP
and skeletal α-actin mRNA levels were greater in the NRAP overexpressing double
transgenics than in the tTA-transgenic hearts (figure 7A).
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We also quantitated expression of genes encoding proteins found at the cardiac intercalated
disk. N-cadherin and MLP mRNA levels did not vary between the genotypes (figure 7B).
However, connexin-43 transcript levels were equally decreased in both tTAtransgenic and
tTA/NRAP double transgenic mice compared to nontransgenic controls, while nonmuscle
myosin heavy chain IIB transcripts were elevated (figure 7B). Immunoblot analysis
demonstrated that the changes in connexin-43 and nonmuscle myosin IIB transcripts were
accompanied by similar changes in protein levels (figure 7C). In addition, N-cadherin
protein levels were decreased in all single and double transgenic groups relative to
nontransgenic wild type hearts, but no differences were observed between the single and
double transgenic groups (figure 7C). Total NRAP protein levels were specifically elevated
in the double transgenic hearts from 40-50 week old animals used in these studies (figure
7C).

Immunofluorescence staining of proteins localized at cardiac intercalated disks showed no
abnormalities caused by NRAP overexpression (figure 8). Intercalated disks marked by
NRAP antibodies in double transgenic hearts contained the transgenic myc-NRAP protein.
N-cadherin, connexin-43, and vinculin were appropriately concentrated at the intercalated
disks. Sarcomeric α-actinin staining was also normal, exhibiting striated patterns in the
double transgenic hearts that were indistinguishable from staining in the wild type controls
(figure 8). The examples shown in figure 8 are taken from the intraventricular septum, but
similar results were observed in the free walls of the right and left ventricles.

Quantitation of cell width showed that N-RAP overexpression in cardiomyocytes was
associated with a ~10% hypertrophy: Mean cardiomyocyte width was 30.6 ± 0.4 μm in wild
type animals, 29.4 ± 0.5 μm in tTA negative/myc-NRAP positive animals, 32.0 ± 0.4 μm in
tTA positive/myc-NRAP negative animals, and 34.5 ± 0.5 μm in tTA positive/myc-NRAP
positive animals; the cell width in double transgenic animals was significantly greater than
in each of the other genotypes (p < 0.001).

DISCUSSION
NRAP Overexpression Leads to Impaired Right Ventricular Function

Echocardiography at 12 weeks revealed a modest increase in left ventricular mass in tTA-
transgenic animals, with no additional change caused by NRAP overexpression and no
impairment of left ventricular function (figure 4, open bars). By 40 weeks the tTAtransgenic
and tTA-NRAP double transgenic animals exhibited a small dilation of the left ventricle
(figure 4, filled bars). Histological analysis confirmed the absence of a large effect on left
ventricular structure due to NRAP overexpression, but suggested that right ventricular
function might be compromised (figure 5). MRI imaging revealed that NRAP
overexpression was associated with severe dilation and impaired ejection in the right
ventricles, and also confirmed the absence of a large effect on left ventricular structure and
function (figure 6).

Increased expression of cardiomyopathy markers was observed in NRAP overexpressing
transgenic hearts. The natriuretic peptides ANP and BNP have been used as markers for
cardiomyopathy in human patients, as their expression is induced as an adaptive response to
pathologic changes in the heart [24]. Similarly, hypertrophic cardiomyopathic rodents
upregulate markers of an embryonic gene program that includes ANP, skeletal α-actin, and
ß-MHC [25-27]. Transgenic tTA mice exhibited increased expression of ANP, BNP,
skeletal actin and ß-MHC, and NRAP overexpression further elevated BNP and skeletal
actin levels (figure 7A). Although plasma concentrations of ANP are elevated in dilated
cardiomyopathy patients, concentrations of this peptide in cardiac tissue are unaltered; when
measuring changes of natriuretic peptides in heart tissue itself, BNP appears to be a much
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more sensitive marker for cardiomyopathy [28]. Therefore the large increase in BNP
expression observed in NRAP-overexpressing transgenic mice along with increased skeletal
α-actin supports generation of a significant cardiomyopathic response in response to excess
NRAP.

Intercalated Disks in Cardiomyopathy
Cardiac intercalated disks are altered in human dilated cardiomyopathy as well as in animal
models of the disease, with common features including upregulation of adherens junction
proteins, including N-cadherin and NRAP, and increased convolution of the intercalated
disk membrane [6,12]. These common features have led to speculation that intercalated disk
defects are intrinsic to the pathophysiology of the disease [12].

We found that cardiac-specific tTA expression decreased connexin-43 and increased NMHC
IIB mRNA and protein levels, but no additional changes were observed in response to
overexpression of NRAP (figure 7B,C). Importantly, NRAP overexpression did not affect
N-cadherin levels. In addition, immunofluorescence signals obtained with antibodies against
intercalated disk proteins did not exhibit a broadening that would be indicative of increased
convolution at the intercalated disk membrane (figure 8). These data indicate that the early
upregulation of NRAP in MLP knockout mice and tropomodulin-overexpressing transgenic
mice is unlikely to be responsible for the remodeling of the intercalated disks observed in
those models [6].

Taken together, the data suggest that multiple pathophysiological pathways are activated in
DCM. MLP knockout and tropomodulin-overexpression activate a pathway leading to
NRAP upregulation, along with a parallel pathway leading to increased Ncadherin levels
and remodeling of the intercalated disks. Previous work has shown that transgenic
overexpression of N-cadherin can itself cause remodeling of intercalated disks leading to
DCM [29], while the present results show that NRAP upregulation itself does not lead to
significant left ventricular DCM. Instead, NRAP upregulation causes significant right
ventricular dysfunction, although the mechanisms involved are unknown. However,
mutations in desmosomal junction proteins of the intercalated disk have been linked to
arrhythmogenic right ventricular cardiomyopathy, a disease characterized by right
ventricular dilation and decreased ejection fraction with little impairment of left ventricular
function [30-32]. Additional hallmarks of this disease include electrophysiological defects
beginning in the early stages and fibrofatty replacement of myocardium in the late stages.
Further characterization will be needed to determine if NRAP overexpression leads to these
other features of arrhythmogenic right ventricular cardiomyopathy.

The Cardiac-Specific Tet-off System: Complications and Cautions
Previous studies have documented that tTA expression in the heart can cause
cardiomyopathy, and that the original cardiac-specific tTA-expressing strain developed by
Fishman and colleagues and used here exhibits a mild dilated cardiomyopathy [23,33]. Our
results confirm this, and extend the findings to older animals than previously described; by
12 weeks, mice expressing tTA in the heart exhibited increased left ventricular mass, and by
40 weeks mild dilation was observed (figure 4). These effects were accompanied by
increased expression of natriuretic factors, skeletal α-actin, and ß-MHC, along with reduced
expression of connexin-43, indicating a significant cardiomyopathic response (figure 7). As
emphasized by previous investigators [23], carefully designed studies with appropriate
controls are essential to avoid misinterpreting data from bi-transgenic systems; our analysis
of all four genotypes derived from mating hemizygous tTA-transgenic mice with
hemizygous myc-NRAP transgenic mice allowed us to unambiguously identify effects of
NRAP overexpression.
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In pilot experiments, we found that double-transgenic animals exposed to doxycycline in
utero and for the first three weeks after birth exhibited essentially irreversible inhibition of
myc-NRAP transgene expression (figure 2C). Previous investigators documented that
doxycycline is cleared from mice much more slowly than tetracycline [34], but to our
knowledge a complete irreversibility of doxycycline-induced inhibition after withdrawing
the drug for five months has not been previously reported. In addition, we found that the
tTA-transgenic hemizygous males resulting from a strain rederived from frozen embryos
obtained from the Jackson Laboratories were infertile. Infertility in previously described
strains and irreversible inhibition by doxycycline are two possibilities to carefully consider
when difficulties arise in the development of new strains for use in tetracycline-sensitive
binary genetic systems.
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Abbreviations

ANP atrial natriuretic peptide

BNP brain natriuretic peptide

DCM dilated cardiomyopathy

dox doxycycline

H&E hematoxylin and eosin

MHC myosin heavy chain

MLP muscle LIM protein

MRI magnetic resonance imaging

NMHCIIB nonmuscle myosin heavy chain IIB

TOT tropomodulin-overexpressing transgenic

tTA tetracycline-controlled transactivator
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Figure 1.
(A) Schematic diagram of the myc-NRAP transgene. A tet response element (TRE) and
minimal CMV promoter (PminCMV) combine to form the promoter region. A myc epitope
tag is fused in frame to the NRAP coding sequence. Also shown are the locations of PCR
products amplified from the myc-NRAP transgene or its mRNA (PCR1) or total NRAP
mRNA (endogenous plus transgenic) (PCR2). (B) Genotyping by PCR analysis of genomic
DNA. Amplification of a 153 bp product encoding the myc epitope region of the transgene
(PCR1 in A above) indicates an animal carries the myc-NRAP transgene. A 535 bp product
was specifically amplified from animals carrying the tTA transgene using previously
described primers. A 494 bp product amplified from the ß-globin gene served as a positive
control. Crossing tTA hemizygotes with myc-NRAP hemizygotes typically yielded each of
the four possible combinations of genotypes in approximately equal proportion. In this and
subsequent figures, the four genotypes are indicated by a plus or minus to indicate the
presence or absence of each transgene, with the presence or absence of the tTA and myc-
NRAP transgenes given by the first and second symbol, respectively.

Lu et al. Page 12

Exp Cell Res. Author manuscript; available in PMC 2012 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
(A) Immunoblot detection of the myc-NRAP transgenic protein and total NRAP in hearts
from animals born by crossing tTA transgenic females with myc-NRAP transgenic males.
(B) myc-NRAP protein and total NRAP measured by quantitation of immunoblots of hearts
from 5-10 week old double transgenic animals from independent lines. The H1005 and
H1033 lines contain more than two times the level of total cardiac NRAP found in wild type
controls. (C) myc-NRAP mRNA levels detected by real time RT-PCR in double transgenic
animals from line H1023. Exposure to doxycycline from conception to the first three weeks
after birth prevented expression of myc-NRAP up to at least 25 weeks of age. (D) Total
NRAP protein of line H1033 animals at 10-14 weeks and 40-50 weeks. Increased cardiac
NRAP expression in double transgenic animals persists in this line throughout the time
period studied. In (A) and (D), the four genotypes are indicated by a plus or minus to
indicate the presence or absence of each transgene, with the presence or absence of the tTA
and myc-NRAP transgenes given by the first and second symbol, respectively. Bars in D
represent the mean ± s.e.m. from 3-12 animals. *significantly different from all other
genotypes (p < 0.05).
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Figure 3.
(A) Double immunofluorescence staining for total NRAP (left panels) and myc-NRAP (right
panels) in cardiac sections from 10 week and 40 week old animals from line H1005. NRAP
is concentrated at the intercalated disks in wild type (−/−) and double transgenic (+/+)
animals (arrows, left panels). These same structures are detected by anti-myc antibodies in
the double transgenic hearts, while intercalated disks in wild type animals remain unstained
(arrows, right panels).
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Figure 4.
Echocardiography data from 10-14 week (open bars) and 40-50 week (filled bars) animals.
The four genotypes are indicated by a plus or minus to indicate the presence or absence of
each transgene, with the presence or absence of the tTA and myc-NRAP transgenes given by
the first and second symbol, respectively. *significantly different from −/− and −/+ (p <
0.05). **significantly different from −/− (p < 0.01). ***significantly different from all other
genotypes (p < 0.05). Each open or closed bar represents the mean ± s.e.m. from 4-10
animals or 8-17 animals, respectively.
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Figure 5.
Histological analysis of gross cardiac structure from 40-50 week old animals. (A) Typical
transverse sections from the mid-ventricular region of wild type (−/−) and double transgenic
(+/+) hearts stained with H&E. (B-F) Mean parameters for all genotypes. The four
genotypes are indicated by a plus or minus to indicate the presence or absence of each
transgene, with the presence or absence of the tTA and myc-NRAP transgenes given by the
first and second symbol, respectively. Each bar represents the mean ± s.e.m. from 2-5
animals.
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Figure 6.
Cardiac MRI from 40-50 week old animals. (A) Typical MRI images from wild type (−/−)
and double transgenic (+/+) animals at end of diastole (left panels) and systole (right panels).
(B-E) Mean chamber volumes and output parameters for the left ventricles (B, C) and right
ventricles (D, E) for all genotypes. The four genotypes are indicated by a plus or minus to
indicate the presence or absence of each transgene, with the presence or absence of the tTA
and myc-NRAP transgenes given by the first and second symbol, respectively. Each bar
represents the mean ± s.e.m. from 7-10 animals. (C) *significantly different from −/− and −/
+ (p < 0.05). (D) *significantly different from all other genotypes (p < 0.01). (E)
*significantly different from all other genotypes (p < 0.05). **significantly different from −/
+ and +/+ (p < 0.05).
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Figure 7.
Cardiac gene expression analysis from 40-50 week old animals. (A) mRNA levels of
cardiomyopathy markers. *significantly different from −/− and −/+ (p < 0.05);
**significantly different from all other genotypes (p < 0.02). (B) mRNA levels of
intercalated disk components. *significantly different from −/− and −/+ (p < 0.05); (C)
Protein levels of intercalated disk components. Insets show typical sample blots.
*significantly different from −/+ (p < 0.05); **significantly different from −/− and −/+ (p <
0.05); ***significantly different from all other genotypes (p < 0.05). In all panels, the four
genotypes are indicated by a plus or minus to indicate the presence or absence of each
transgene, with the presence or absence of the tTA and myc-NRAP transgenes given by the
first and second symbol, respectively. Each bar represents the mean ± s.e.m. from 4-12
animals.
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Figure 8.
Immunofluorescence localization of intercalated disk and myofibril components in 40-50
week old animals. Sections of wild type (left panels) and double transgenic (right panels)
hearts were double stained with antibodies against NRAP and myc, NRAP and N-cadherin,
connexin-43 and vinculin, or N-RAP and sarcomeric α-actinin, as indicated. Regions from
the interventricular septum are shown.
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Table 1

PCR Primer Pairs

Amplified Gene
or mRNA Primer Pair Product Size

myc-NRAP
Forward: 5′-CTCCATAGAAGACACCGGGACCG-3′

153 bp
Reverse: 5′-GCACATTCATAAACGCGTCAGTGG-3′

tTA
Forward: 5′-TCAGACCGAGATTTCTTCCATCCC-3′

535 bp
Reverse: 5′-GAATTCAGGCTCGCCTGCAGTTGG-3′

ß-globin
Forward: 5′-CCAATCTGCTCACACAGGATAGAGAGGGCAGG-3′

494 bp
Reverse: 5′-CCTTGAGGCTGTCCAAGTGATTCAGGCCATCG-3′

total NRAP
Forward: 5′-TGCTCCACGCTCTCAAAGTTGG-3′

147 bp
Reverse: 5′-TGACATCCTTCAGGGGAACCAG-3′

ANP
Forward: 5′-GAGTGGACTAGGCTGCAACAG-3′

163 bp
Reverse: 5′-GCTCCAGGAGGGTGTTCACCA-3′

BNP
Forward: 5′-AAGTCCTAGCCAGTCTCCAGA-3′

91 bp
Reverse: 5′-GAGCTGTCTCTGGGCCATTTC-3′

skeletal α-actin
Forward: 5′-AGACCACCGCTCTTGTGTGTG-3′

235 bp
Reverse: 5′-CTGACCCATACCTACCATGACACC-3′

ß-MHC
Forward: 5′-ATGTGCCGGACCTTGGAAG-3′

170 bp
Reverse: 5′-CCTCGGGTTAGCTGAGAGATCA-3′

N-cadherin
Forward: 5′-AGGGTGGACGTCATTGTAGC-3′

134 bp
Reverse: 5′- CTGTTGGGGTCTGTCAGGAT-3′

connexin-43
Forward: 5′-GAACACGGCAAGGTGAAGAT-3′

187 bp
Reverse: 5′-GACGTGAGAGGAAGCAGTCC-3′

NMHC IIB
Forward: 5′-TGTCATCTACAACCCTGCCACTC-3′

150 bp
Reverse: 5′-GCTTTCTTCCCATTCTCTGCCAG-3′

MLP
Forward: 5′-AATCAGAGAAGTGCCCACGATG-3′

220 bp
Reverse: 5′-TGCTGTGTAAGCCCTCCAAACC-3′

PCR primers used to amplify the indicated products. The primers for tTA [19], ß-globin [35], total NRAP, MLP, and NMHCIIB [9], BNP, skeletal
α-actin, and ß-MHC [36], and N-cadherin and connexin-43 [37] have been described previously. The primers for ANP are based on those
previously described for rat [38].
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