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Abstract The Na?/H? exchanger isoform 1 (NHE1) has

been implicated as being causal in cardiac hypertrophy and

the protein level and activity are elevated in the diseased

myocardium. However, it is unclear whether mere eleva-

tion of the protein is sufficient for cardiac pathology, or

whether activation of the protein is required. In this study,

we examined the comparative effects of elevation of wild

type and activated NHE1. Two mouse transgenic models

that expressed either a wild type NHE1 protein or an

activated NHE1 protein were characterized. Expression of

activated NHE1 caused significant increases in heart

weight to body weight, apoptosis, cross-sectional area,

interstitial fibrosis and decreased cardiac performance.

Expression of wild type NHE1 caused a much milder

pathology. When we examined 2 or 10-week-old mouse

hearts, there was neither elevation of calcineurin levels nor

increased phosphorylation of ERK or p38 in either NHE1

transgenic mouse line. Expression of activated NHE1 in

intact mice caused an increased sensitivity to phenyleph-

rine-induced hypertrophy. Our results show that expression

of activated NHE1 promotes cardiac hypertrophy to a

much greater degree than elevated levels of wild type

NHE1 alone. In addition, expression of activated NHE1

promotes greater sensitivity to neurohormonal stimulation.

The results suggest that activation of NHE1 is a key

component that accentuates NHE1-induced myocardial

pathology.
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Abbreviations

AIF Apoptosis inducing factor

NHE Na?/H? exchanger

HA Hemagglutinin

PARP Poly (ADP-ribose) polymerase

Introduction

The Na?/H? exchanger (NHE) is a ubiquitously expressed

plasma membrane glycoprotein. One of its key functions is

the regulation of intracellular pH by extruding one intra-

cellular H? in exchange for one extracellular Na? [25].

NHE isoform 1 (NHE1) is the only cardio-specific plasma

membrane isoform of the ten isoforms described [10, 24,

45]. NHE1 plays a critical role in mediating the damage

that occurs during ischemia/reperfusion injury (I/R injury)

[2, 23, 39] and is an important mediator of cardiac

hypertrophy [40]. Recent studies have shown that NHE1

activity is increased in in vivo and in vitro models of

cardiac hypertrophy [21, 38] and NHE1 inhibition is ben-

eficial in the prevention/regression of several models of

myocardial hypertrophy [7, 20, 21, 38, 47, 64]. However,
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the direct role of NHE in cardiac hypertrophy and the

effects of elevation of NHE1 activity and expression, both

in vivo and in vitro, have not been fully defined.

Elevation of NHE1 expression and activity occurs in

several cardiac pathologies [19, 21, 27, 38, 62]. However,

NHE1 is regulated such that it is active at acidic pH’s but

inactive at physiological pH’s [14]. Hormonal stimulation

of NHE1 activity changes the set point so that the protein is

more active at more alkaline pH’s [14, 45]. This may occur

through phosphorylation mediated by extracellular signal-

regulated kinases [22] that are activated in heart failure and

are attenuated by NHE-inhibition that reduces derange-

ments induced in heart failure models [1]. Because the

unstimulated NHE1 protein is relatively quiescent at rest-

ing physiological pH’s [14], it is questionable whether

elevation of a non-activated protein alone is detrimental to

the myocardium. In this study, we examined the role that

the activated NHE1 protein has in causing cardiac hyper-

trophy/damage relative to the non-activated protein. We

characterized two models over-expressing NHE1, one

expressing an activated form of NHE1 and the other

expressing a non-activated NHE1. This was done in

transgenic mice. We demonstrate that elevated NHE1

expression with elevated activity potentiates cardiac

hypertrophy and causes hypersensitivity to neurohormonal

stimulation, while mere elevation of NHE1 protein has

much less significant effects. Our results demonstrate that

enhanced NHE1 expression alone causes little cardiac

pathology, but that enhanced NHE1 activity is critical to

induce detrimental effects in the myocardium.

Materials and methods

Materials

Primary antibodies used in this study were anti-HA tag

(Y-11), anti-Actin (H-300), p90 ribosomal s6 kinase (RSK)

1 (C21) (s-231) and 2 (C18) (sc-1430), p38-mitogen

activated protein kinase (N-20) (sc-728), phospho-p38

(Thr180/182) (sc-17852), p38-mitogen activated protein

kinase a (C-20) (sc-535) and c-Jun N-terminal kinase

(JNK) (FL) (sc-571) and pJNK (Thr183/Tyr185) (sc-12882),

all from Santa Cruz Biotechnology (Santa Cruz, Ca). Anti-

Na?/H? exchanger isoform 1 was from BD Biosciences

Pharmingen (San Diego, CA, USA). Extracellular signal-

regulated kinase (ERK)1/2 (#9102), phospho-ERK1/2

(Thr202/Tyr204) (#9106), phospho-RSK (Ser380)(#9323),

apoptosis-inducing factor (AIF) (#4642), cytochrome c

(Cyt c) (#4272), poly (ADP-ribose) polymerase (PARP)

(#9542), glycogen synthase kinase-3b (GSK-3b) (27C10)

and phospho-GSK-3b (Ser9) (5B3) were from Cell

Signaling Technology (Beverly, MA, USA). Anti-HA

(12CA5) was from Roche Applied Science (Laval, Quebec,

Canada). Mitochondrial superoxide dismutase (MnSOD)

(SOD-110) was from Stressgen (Ann Arbor, MI, USA).

Histone (H5100-02B) was from US Biological. Glyceral-

dehyde 3-phosphate dehydrogenase (GAPDH) (ab9485)

and ß-tubulin (ab6046) were from Abcam (Cambridge,

MA, USA). Anti-calreticulin and protein disulfide isomerase

(PDI) were a generous gift from Dr. Marek Michalak at the

University of Alberta (Edmonton, Alberta, Canada). Sec-

ondary antibodies of specific wavelength were purchased

from LI-COR Biosciences (Lincoln, NE, USA). Hoescht

(33258) was from Sigma-Aldrich, St. Louis, MO, USA.

NHE1 transgenic mice

All experimental procedures involving animals presented

in this study were used in accordance with the guidelines

set out by the Canadian Council on Animal Care. The

generation of transgenic mice expressing hemagglutinin

(HA) tagged human NHE1 under the control of the alpha

myosin heavy chain promoter was described previously

[12, 34]. Transgenic mice expressing wild type NHE1

protein are referred to as N-line, and K-line mice express

an activated NHE1 in the myocardium. As previously

described [12], several lines for each transgenic model

were created. In the following study, the N-line and K-line

mice expressing similar levels of NHE1 were character-

ized. N-line and K-line mice used in this study were

10–12 weeks of age. Littermates were used from either

N-line or K-line mice as controls. In some experiments,

mice were treated with either phosphate buffered saline

(vehicle) or 50 mg/kg/day phenylephrine (PE) dissolved in

PBS for a period of 2 weeks using Alzet osmotic mini

pumps [16, 53, 58]. Mice were anesthetized with a cocktail

containing a mixture of ketamine and acepromazine. Iso-

flurane was used for the duration of the surgery to maintain

the anesthesia. A small incision was made in the mid

scapular region. By spreading apart the subcutaneous tis-

sue, a small pocket was created and the osmotic mini pump

was inserted (Alzet Osmotic Pumps, Cupertino, CA, USA).

The incision was closed with sutures. At the onset of

treatment, drug-treated mice were paired with vehicle-

treated mice. They were matched for age and body weight,

and were housed together throughout the experiment. The

pumps were removed 2 weeks following implantation, at

which time, animals were euthanized and hearts were

removed for further analysis. PE or PBS delivery through

osmotic mini pumps was verified by measuring the residual

volume in the osmotic mini pumps. This value corre-

sponded with the predicted residual volume [actual fill

volume - (mean pump rate 9 infused duration (hours))].
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Western blot analysis and sample preparation

Western blotting for NHE1 protein was as described earlier

[12, 34]. Hearts were homogenized in (mM) [120 NaCl, 10

Tris (pH 7.4), 0.1 PMSF, 0.1 Benzamidine] and 37.5 lM

ALLN (calpain I inhibitor) and a proteinase inhibitor

cocktail. Proteins were solubilized in SDS and total protein

was quantified using the Bio-Rad DC Protein Assay kit.

100 lg of each sample was resolved on 10% SDS poly-

acrylamide gels and transferred to nitrocellulose

membranes. Membranes were incubated with anti-HA or

anti-NHE1 over night. Actin was used as a loading control.

Membranes were then incubated in species and wavelength

specific LI-COR secondary antibodies for 30 min. The

Odyssey� Infrared Imaging System was used to visualize

and quantify immunoreactive proteins (LI-COR Biosci-

ences, Lincoln, NE, USA). For pERK/ERK, pp38/p38(a),

pJNK/JNK and pRSK/RSK immunoblots, heart tissue was

homogenized at a high setting with an OMNI 2000

homogenizer (OMNI International, Kennesaw, GA, USA)

in lysis buffer containing (mM) [50 HEPES, 100 NaCl, 50

NaF, 1 EGTA, 1 EDTA, 1% Triton X-100, 4 PMSF, 0.8

Na3VO4 and lM (0.6 aprotinin, 8.6 leupeptin, 5.8 pepstatin

A]. The homogenate was centrifuged at 100,0009g for 10

min at 4�C and the supernatant was discarded [37].

Markers of apoptosis, including AIF and Cyt c and PARP,

were measured in both the cytosolic and mitochondrial

fraction. Mitochondrial and cytosolic fractions were pre-

pared as described previously [35]. Briefly, heart tissue was

homogenized in sucrose buffer containing (mM) [sucrose

300, 10 Tris–HCl, 2 EGTA; pH 7.4, 0.5% BSA] and then

centrifuged at 2,0009g for 2 min at 4�C, followed by

centrifugation of the supernatant at 10,0009g for 5 min at

4�C. The pellet, the mitochondrial fraction, was then

washed thrice at 10,0009g for 5 min at 4�C and resus-

pended in sucrose buffer. The latter was centrifuged at

100,0009g for 60 min at 4�C and the supernatant was used

as the cytosolic fraction. The purity of the mitochondrial

fraction was tested by immunoblotting the lysate with anti-

histone, a nuclear marker. Cytosolic or mitochondrial

lysates immunoblotted with anti-Cyt C were resolved on

8% SDS polyacrylamide gels, whereas lysates immuno-

blotted with anti-AIF or anti-PARP were resolved on 10%

SDS polyacrylamide gels. MnSOD was used as a loading

control for the mitochondrial fraction; GAPDH was used as

a loading control for cytosolic fraction. pGSK-3b/GSK-3b
protein expression was also measured in the cytosolic and

mitochondrial lysates.

Transgenic heart evaluation

Mice were euthanized with halothane and hearts were

isolated for the following analyses, and used as markers of

cardiac hypertrophy: (1) heart weight to body weight ratio

(HW/BW); (2) histological study; (3) atrial natriuretic

peptide mRNA expression. For HW/BW, all extracardiac

structures were excised from isolated hearts and then hearts

were washed in PBS, blotted and weighed [17]. Cardiac

hypertrophy was evaluated by measuring HW/BW, in mg/g.

To exclude the possibility that any increase in heart weight

was due to edema, edema was evaluated in the isolated

hearts by measuring water content. The initial weight of the

isolated heart is the wet weight. Dry weight is the weight

after incubation at 100�C for 24 h. The dry weight to wet

weight ratio was calculated according to the formula: dry

tissue weight/wet tissue weight [9].

For histology, isolated hearts were fixed overnight in

10% buffered formalin, then embedded in paraffin, and

serially sectioned into 5-lm thick slices [8, 47]. These were

stained with hematoxylin and eosin (H&E) to evaluate gross

morphology and cross-sectional area (CSA) or with picro-

sirius red (PSR) to assess interstitial fibrosis (IF) [49]. IF was

measured from digitized images using Open lab 3.5

(Improvision Inc., Waltham, MA, USA) and digitized

images were gathered using a QImaging camera (QImaging,

Surrey, BC, Canada) equipped to a Leica DMLA micro-

scope (Leica Microsystems, Bannockburn, IL, USA). Three

or four sections were used from each heart with ten fields

randomly selected. The maximum fibrosis observed for any

section was calculated (area occupied by red stained con-

nective tissue) 9 100/(areas occupied by connective tissue

plus cardiac myocytes). Intramural vessels, perivascular

collagen, endocardium and trabeculae were excluded [32].

CSA was measured from digitized images using Image

ProPlus Version 4.5 (Media Cybermetics Inc., Silver Spring,

MD, USA). Digitized images were gathered using a

Photometrics CoolSNAPfx camera (Photometrics, Surrey,

BC, USA) equipped to a Leica DMIRB microscope (Leica

Microsystems, Bannockburn, IL, USA). Dimensions of at

least 100 cells from 3 to 4 sections per heart were measured.

Visual fields were accepted for quantification if nuclei were

visible and cell membranes were intact [47, 49].

For electron microscopy, hearts were fixed by perfusion

with 2% paraformaldehyde and 2% glutaraldehyde. Tissue

from the hearts was then sectioned and stained by the

conventional osmium-uranium lead method [15].

Terminal deoxynucleotidyl transferase-mediated dUTP

nick end labeling (TUNEL) staining was performed on

paraffin-embedded heart slices using DeadEndTM Fluoro-

metric TUNEL System (Promega, Madison, WI, USA) as

per manufacture’s instructions [8, 59]. Briefly, tissues were

deparaffinized and treated with Proteinase K to permeabi-

lize tissue to the staining reagents. Tissue was equili-

brated with equilibration buffer and then incubated with

Tdt. TUNEL positive nuclei were distinguished from

the TUNEL negative nuclei by counterstaining with
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40,6-diamidino-2-phenylindole (DAPI). For negative con-

trols, heart slices were treated similarly but in the absence

of the TdT enzyme. For positive controls, heart slices were

treated with DNase I to cause DNA fragmentation.

TUNEL-positive cells were measured from digitized ima-

ges using Image ProPlus Version 4.5 (Media Cybermetics

Inc., Silver Spring, MD, USA). Digitized images were

gathered using a Photometrics CoolSNAPfx camera

(Photometrics, Surrey, BC, Canada) equipped to a Leica

DMIRB microscope (Leica Microsystems, Bannockburn,

IL, USA) with filters set to view the green fluorescence of

TUNEL stained cells (520 nm) and blue DAPI stained cells

(460 nm). TUNEL-positive cells were counted in five

randomly selected fields per slide and three sections per

hearts and averaged for statistical analysis. The percentage

of nuclei labeled by TUNEL per unit of cells stained with

DAPI reflected the apoptotic index. The observer was

blinded to the treatment group.

For measurement of caspase-3 activity, freshly collected

heart tissue was homogenized at 4�C with 1 mL of 109

PBS, pH 7.4, and centrifuged with 10, 0009g for 20 min at

4�C. 10 lL of the supernatant was mixed with 40 lL of

assay buffer containing (mM) [100 NaCl, 50 HEPES, 10

DTT, 1 EDTA, 10% Glycerol, 0.1% CHAPS, pH 7.4].

50lL caspase-3 substrate I containing 200 lM of

Ac-DEVD-pNA (Alexis Biochemical’s, Farmingdale, NY,

USA) was added to the mixture. Absorbance was measured

at 405 nm [8].

Calcineurin phosphatase activity in 10-week-old heart

tissue was assayed using the BIOMOL Green Cellular

Calcineurin Assay Kit Plus (BIOMOL Research Labora-

tories, Plymouth Meeting, PA, USA) [15, 30]. The assay

was conducted according to the manufactures instructions.

Briefly, tissue was homogenized at 4�C in lysis buffer

containing a protease inhibitor and the supernatant was

collected. Free phosphates were removed by passing the

supernatant through centri-spin 10 columns (Princeton

Seperations, Freehold, NJ, USA). To discriminate between

the contributions of other phosphatases, total phosphatase

activity was measured in the presence of EGTA (to inhibit

PP2B), in the presence of 100 nM okadaic acid (to inhibit

PP1 and PP2A), and in the presence of EGTA and okadaic

acid (to inhibit PP1, PP2A and PP2B, not PP2C). The

reaction, carried out in a 96-well microtiter plate, was

initiated by the addition of the sample and terminated by

the addition of BIOMOL green reagent. The color was

allowed to develop for 30 min and optical density was

measured at 620 nm. Calcineurin activity was calculated

for each group using the following equation, calcineurin

activity = total activity in the presence of okadaic acid -

(total activity in the presence of okadaic acid and EGTA).

Echocardiography was performed on isoflurane anes-

thetized mice with A Vevo 770 ultrasound unit

(VisualSonics Inc., Toronto, ON, Canada) equipped with a

35 MHz transducer. We used short axis M-mode analysis,

at the level of the papillary muscle, for measurement of

diastolic and systolic diameters of the left ventricle and

wall thickness. Pulsed wave doppler was used at the levels

of the left ventricular outflow tract, the right ventricular

outflow tract and the mitral valve tips, to monitor flow

pattern and velocity. Myocardial performance index or Tei

index was calculated using the equation: (isovolumic

contraction time ? isovolumic relaxation time)/ejection

time [18].

Atrial natriuretic peptide (ANP) mRNA expression was

measured by real-time PCR as described previously [6, 28].

Heart tissue was homogenized in Trizol reagent according

to the manufacturers instruction. The isolated RNA was

transcribed to cDNA using Superscript-II. Real-time PCR

was performed using SYBR green JumpStart Taq Ready-

Mix DNA polymerase and fluorescence was measured with

a DNA Engine Opticon 2 system (MJ Research, Waltham,

MA, USA). 18S rRNA was used as a reference gene. Pri-

mer sequences and PCR conditions for atrial natriuretic

peptide and 18S rRNA were as described previously [28,

61]. Results are presented as the ratio of ANP to 18S

rRNA.

Statistical analysis

All values are expressed as mean ± SEM. Groups were

compared by both Student t test and Wilcoxon signed-rank

test. Differences were considered significant when P values

\0.05.

Results

NHE1 protein expression and HA-tagged NHE1

expression

To confirm and quantify NHE1 protein expression in

transgenic mice, exogenous and endogenous (total) NHE1

protein expression was measured by western blotting with

antibody against the NHE1 protein in control, N-line (wild-

type NHE1) and K-line (active NHE1) heart lysates.

Figure 1a illustrates that all three samples contained NHE1

protein with the relative amount increasing in N-line and in

K-line versus control. Quantification of a series of experi-

ments (Fig. 1a bottom panel) shows that there was a

marked increase (two to fourfold) in total NHE1 protein

expression in N-line and K-line hearts versus controls,

respectively (P \ 0.05) but no significant differences

between K-line versus N-line hearts.

Levels of the exogenous NHE1 protein were also mea-

sured by immunoblotting for the HA-tag (Fig. 1b).
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Exogenous NHE1 protein was present in the N-line and

K-line hearts, but not in the controls. Chinese hamster

ovary cells transfected with HA-tagged NHE1 served as a

positive control. Quantification of a series of experiments

(Fig. 1b bottom panel) shows no significant difference in

exogenous NHE1 protein expression between N-line and

K-line hearts.

In vivo indices of cardiac hypertrophy

We examined transgenic mice that had elevated expression

of exogenous NHE1 protein. In this study mice were

10–12 weeks of age for use. At this age, there was only a

small increase in mortality in K-line mice compared to

controls. However, over longer periods of time mortality in

the K-line mice was greatly elevated. After 8–9 months,

mortality was approximately 60% in K-line mice but was

only approximately 20% in N-line mice. At 10–12 weeks

of age, there were no apparent changes in grooming or

other behavior. Preliminary evidence found that young

K-line mice performed poorly in treadmill exercise tests

relative to N-line mice and controls (not shown).

To evaluate the effect of NHE1 protein expression var-

ious hypertrophic indices were measured, including HW/

BW, ANP mRNA expression, CSA and IF. The HW/BW

was significantly increased in the K-line mice (0.0072 ±

0.00046 mg/g) versus controls (0.0050 ± 0.00023 mg/g)

(P \ 0.005). In N-line mice (0.0063 ± 0.00047 mg/g),

there was a trend towards increased HW/BW, but this was

not significant (Fig. 2a). The increase HW/BW in K-line

mice was a result of changes in the heart weight (100.0 ±

4.4% controls vs. 126.0 ± 12.3% N-line vs. 157.0 ± 10.3%

K-line, P \ 0.005), as there were only small changes in the

body weight (100.0 ± 2.9% controls vs. 98.2 ± 3.8%

N-line vs. 109.6 ± 2.1% K-line) and K-line mice increased

slightly in body weight. This change in heart weight was

due to an increase in heart mass, not edema as indicated by

the dry weight to wet weight ratio, which was not signifi-

cantly different between the groups (0.15 ± 0.014 control

and 0.14 ± 0.009 K-line). Another index of cardiac

hypertrophy is ANP mRNA expression. Hearts from N-line

(0.51 ± 0.16 ANP/18S rRNA) and K-line (0.86 ± 0.15

ANP/18S rRNA) mice had significantly greater ANP

mRNA expression in comparison to control

(0.041 ± 0.018) mice (P \ 0.05 for control versus N-line

or K-line, Fig. 2b).

Figure 2c–e illustrates the H&E and PSR stained mouse

hearts from controls and NHE1 transgenic mice. The CSA

measured using H&E heart cross sections was significantly

increased in K-line hearts (38,648 ± 4722 arbitrary units),

compared to controls (23,566 ± 3535 arbitrary units) or

N-line (24,321 ± 364 arbitrary units) hearts (P \ 0.05).

Similarly, IF measured from hearts stained with PSR

were also only significantly increased in K-line hearts

Fig. 1 Immunoblot analysis of NHE1 protein expression. a Immuno-

blot analysis of total exogenous and endogenous NHE1 expression

detected by anti-NHE1 antibody. Upper panel representative western

blot of total NHE1 protein* at 90–100 kDa and of actin * at 40 kDa.

Lanes 1, 2 and 3 represent heart lysates from control (C), N-line

(N) and K-line (K) mice, respectively. Lower panel quantification of

a series of experiments (n = 3–4 hearts/group). NHE1 protein

levels were normalized to actin and are expressed as a % of

controls ± %SE. *P \ 0.05 for control versus N-line or K-line.

b Immunoblot analysis of exogenous HA tagged-NHE1 protein

expression. Upper panel representative western blot of 90–100 kDa

NHE1 and 40 kDa actin. Lane 1 positive control from CHO cells that

were transfected with an HA tagged-NHE1; lanes 2, 3 and 4 represent

heart extracts of control, N-line and K-line mice, respectively. Lower
panel NHE1 protein levels were quantified and normalized to actin

for each group (n = 3–4 hearts/group)
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(0.050 ± 0.01% stained) compared to controls (0.017 ±

0.001% stained) or N-line hearts (0.023 ± 0.004% stained)

(P \ 0.05).

Cardiac function and myocardial remodeling in vivo

Echocardiographic measurements of cardiac function and

morphology of mice are summarized in Table 1. Compared

to control (or N-line) mice, hearts from K-line mice

exhibited significant ventricular hypertrophy. Left ven-

tricular mass (LVM) of K-line mice was significantly ele-

vated as were diastolic inter-ventricular septal wall

thickness (IVSTd) and diastolic left ventricular posterior

wall thickness (LVPWd). These parameters were not sig-

nificantly elevated in N-line mice. Heart rate was also not

significantly different between control, N-line and K-line

mice.

Both diastolic and systolic cardiac functions were sig-

nificantly affected, principally in the K-line mice and to a

lesser degree in the N-line mice. In N-line and K-line mice,

the decrease in systolic function was demonstrated by a

decrease in percent left ventricular ejection fraction (EV).

The decrease in diastolic function was demonstrated by the

increase in the ratio of peak E wave mitral valve velocity to

peak A wave mitral valve velocity (E/A, ratio). This

decrease in systolic and diastolic function in N-line and

K-line mice is associated with ventricular dilation, as

indicated by the increase in left ventricular internal

dimension (LVID) during systole—more so in K-line mice

Fig. 2 Analysis of indices of cardiac hypertrophy in N- or K-line

mouse hearts. a HW/BW of control, N-line and K-line mice. (�

P \ 0.005 for controls vs. K-line, n = 7–9 hearts/group). b ANP

mRNA levels of control, N- and K-line mice. (n = 3 hearts/group,

*P \ 0.05 for control vs. N- or K-line. c Upper panel representative

heart cross sections (940) of control, N- and K-line hearts stained

with H & E. Lower panel heart sections stained with picro-sirius red.

d Quantitative analysis of CSA (*P \ 0.05 for K-line vs. control,

n = 4–6 hearts/group). Results are expressed as a % of con-

trols ± %SEM. e Quantitative analysis of IF. (*P \ 0.05 for controls

vs. K-line, n = 4 hearts/group, results are expressed as a % of

controls ± %SEM)

Table 1 Cardiac morphology and contractile function of control,

N-line and K-line mice

n = 7–8/group Control N-line K-line

Heart rate, bpm 406 ± 58 407 ± 36 414 ± 54

IVSTd, mm 0.71 ± 0.04 0.77 ± 0.06 0.83 ± 0.1*

LVPWd, mm 0.74 ± 0.05 0.74 ± 0.07 0.84 ± 0.04*, §

LVM, mg 81.3 ± 5.9 85.9 ± 8.4 103.4 ± 13.1�, §

LVIDd, mm 3.98 ± 0.24 3.98 ± 0.16 4.10 ± 0.23

LVIDs, mm 2.44 ± 0.16 2.69 ± 0.21* 3.12 ± 0.24*, §

FS, % 38.8 ± 2.0 32.4 ± 3.0� 24.0 ± 3.5�, ¥

EF, % 69.8 ± 2.4 61.2 ± 4.4� 48.1 ± 5.8�, ¥

E/A ratio 1.95 ± 0.3 2.65 ± 0.54* 4.04 ± 1.6*

Tei index 0.457 ± 0.06 0.5 1 ± 0.04 0.70 ± 0.09�, ¥

Values are expressed as mean ± SD. *P \ 0.05 versus control,
�P \ 0.005 versus control, §P \ 0.05 for N-line versus K-line,
¥P \ 0.005 for N-line versus K-line

IVSTd diastolic inter-ventricular septal wall thickness, LVPWd dia-

stolic left ventricular posterior wall thickness, LVM left ventricular

mass, LVIDd and LVIDs left ventricular internal dimension during

diastole and systole, FS left ventricular % fractional shortening, EF
left ventricular % ejection fraction, E/A ratio ratio of peak E

wave mitral valve velocity to peak A wave mitral valve velocity
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(P \ 0.05 vs. control). The global deterioration in myo-

cardial performance is evident only in K-line mice as

indicated by the significant increase in the Tei index

(P \ 0.005). In addition, changes in Tei index, left ven-

tricular fractional shortening (FS) and EF were signifi-

cantly greater in K-line mice compared to N-line.

Signaling pathways of transgenic hearts

We examined expression and activation of signaling

pathways in vivo to determine if they were involved in

NHE1-mediated remodeling of the heart. We examined

ERK, JNK, p38 and RSK. The level of phospho-ERK,

phospho-p38, p38a, phospho-JNK or phospho RSK was

not elevated in 12-week-old heart lysates from N-line and

K-line mice when compared to controls (Suppl. Fig. 1A).

To determine if signaling pathways were activated at a

younger age we also examined phospho-ERK, phospho-

p38, and phospho RSK 2-week-old hearts from transgenic

mice. There were no significant increases in the level of

phospho-ERK, phospho-p38, phospho-JNK or phospho

RSK in these mouse hearts (Suppl. Fig. 1B).

We also examined GSK-3b protein expression in both

the cytosolic and mitochondrial fractions. There were no

significant changes in the GSK-3b protein levels (Suppl.

Fig. 1C).

Finally, we examined the calcineurin activity. We found

that there was no difference in calcineurin activity in heart

lysates from control, N-line and K-line mice (Suppl.

Fig. 1D).

Indices of apoptosis in vivo

We examined apoptosis in N-line and K-line hearts. Ini-

tially, we examined left ventricular sections from control

and K-line hearts using transmission electron microscopy.

The mitochondria appeared swollen in K-line versus con-

trol hearts (Fig. 3a). We then measured the levels of

apoptosis in sections of these hearts by TUNEL staining.

K-line hearts showed a significant increase in TUNEL-

stained positive cells (123 ± 3.8% vs. 100 ± 6.8% con-

trols; P \ 0.05) (Fig. 3b, c).

To further understand the mechanisms behind apoptosis

in K-line hearts, we examined markers of both the caspase-

dependent and independent pathways. For the caspase-

dependent pathway, we examined caspase-3 activity in the

cytosolic fraction and Cyt c in the mitochondrial and

cytosolic fraction. Caspase-3 activity in the cytosolic

fraction of heart lysates was not significantly different in

K-line versus control hearts (Suppl. Fig. 2A). Immunoblot

analysis examining Cyt c protein levels in mitochondrial

and cytosolic fractions of control and transgenic hearts

(Suppl Fig. 2B) showed there were no changes in the level

of Cyt c in control versus transgenic hearts. We also

determined the extent of PARP cleavage by caspase-3

(Suppl. Fig. 2C). Control, N-line and K-line hearts had

comparable levels of cleaved PARP (85 kDa).

In addition, to investigate the contribution of caspase-

independent pathways to apoptosis, AIF protein expression

was measured in the mitochondrial and cytosolic fractions

of control and transgenic hearts (Fig. 4). Immunoblot

analysis showed that AIF protein expression (normalized to

MnSOD) was significantly greater in the mitochondrial

fraction of K-line hearts (165 ± 13.6 vs. 100 ± 16.3

control; P \ 0.05). In the cytosolic fraction, control, N-line

Fig. 3 Examination of left ventricles of control and transgenic mice.

a Electron micrographs of control and K-line left ventricles.

b Representative heart cross sections of control, N- and K-line

stained with TUNEL (top) and DAPI (bottom). c Quantification of

experiments measuring TUNEL straining per DAPI staining in

control, N- and K-line ventricles. (Results are expressed as a ratio

of TUNEL/DAPI ± SEM, *P \ 0.05 for control vs. K-line, n = 3–4

hearts/group)
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and K-line hearts all had much weaker expression of AIF

(normalized to GAPDH) but was unchanged between the

different mouse lines (not shown).

Alpha1-adrenergic stimulation in vivo

Increased sympathetic activity has been implicated in the

development of cardiac hypertrophy in animal models

[21, 33] and in humans [26]. One well used model of

cardiac hypertrophy is administration of PE to intact ani-

mals [5, 44, 54, 60]. To test the susceptibility of control,

N-line and K-line mice we used this model of PE-mediated

hypertrophy. PE was administered by implanted Alzet

osmotic minipumps for a period of 2 weeks. K-line mice

stimulated with PE (0.0095 ± 0.00079 mg/g) had a sig-

nificantly increased HW/BW versus K-line mice treated

with vehicle (0.0072 ± 0.00046 mg/g) (Fig. 5a, P \ 0.05).

Hearts from control mice stimulated with PE (0.0056 ±

0.00041 mg/g) also showed a trend towards increase in the

HW/BW, although this was not significant with this low

dose of PE. Hearts from N-line mice stimulated with PE

(0.0063 ± 0.00047 mg/g) showed no difference versus

hearts from N-line mice treated with PBS (0.0062 ±

0.000191 mg/g). The variations seen in the HW/BW with

PE treatment were the result of changes in the heart weight,

as there were no significant changes in the body weight

(data not shown). However, this change in heart weight in

the K-line mice was, at least in part, due to edema. When

we examined the dry weight to wet weight ratio of hearts

from K-line mice stimulated with PE (0.14 ± 0.0086), we

found it had decreased versus hearts from K-line mice

treated with PBS (0.096 ± 0.013) (Fig. 5b, P \ 0.05).

There was no change in the dry weight to wet weight ratio

of hearts from control mice treated with PE (0.16 ± 0.015)

versus hearts from control mice treated with PBS

(0.15 ± 0.014).

We also examined ANP mRNA expression; comparing

the ANP expression of hearts from PE-treated mice with

Fig. 4 Analysis of apoptosis mediated through the caspase indepen-

dent mitochondrial pathway in control, N-line and K-line mice.

C control, N N-line and K K-line. Upper panel representative western

blotting for AIF and MnSOD protein expression in the mitochondrial

fraction from heart lysates of control, N- and K-line mice. Lower
panel quantification of a series of experiments normalized for each

sample to the internal control (Results are expressed as a % of

controls ± %SEM, *P \ 0.05 for controls vs. K-line, n = 6 hearts/

group)

Fig. 5 Analysis of indices of cardiac hypertrophy in control, N- and

K-line mice stimulated with PE. a HW/BW, (stimulated with either

vehicle, PBS (-) or PE (?), ±% SEM. *P \ 0.05 for K-line

stimulated with PBS versus K-line stimulated with PE (n = 7–11

hearts/group). b Dry tissue weight/wet tissue weight, in control or

K-line hearts in the presence or absence of PE or PBS. Results are

expressed as % of control (stimulated with vehicle, PBS) ± % SEM.

(*P \ 0.05 for K-line stimulated with PBS vs. K-line stimulated with

PE, n = 3–4 hearts/group). c ANP mRNA levels determined by real-

time PCR. Results are the ratio of ANP to 18S rRNA and expressed as

% of each individual control group stimulated with vehicle, PBS.

(*P \ 0.05 for K-line stimulated with PBS vs. K-line stimulated with

PE, n = 3 hearts/group)
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controls (those treated with PBS). As shown in Fig. 5c,

ANP mRNA expression was only elevated in hearts from

K-line mice stimulated with PE (4.18 ± 2.2 ANP/18S

rRNA) versus hearts from K-line mice stimulated with PBS

(0.86 ± 0.28 ANP/18S rRNA) (P \ 0.05). Stimulation

with PE had no significant effects on CSA and IF in con-

trol, N-line and K-line mice when comparing PBS treated

with PE treated (Suppl. Fig. 3A, B).

Endoplasmic reticulum stress response

Previous reports have suggested that the ER stress response

is likely to have contributed to a cardioprotective effect that

is observed in transgenic mice expressing elevated NHE1

following ischemia/reperfusion-injury [13]. Therefore, we

examined the level of calreticulin and PDI, proteins that are

involved in the ER stress response. In agreement with pre-

vious reports, heart extracts from N-line mice had signifi-

cantly greater levels of calreticulin and PDI protein

expression versus control (P \ 0.005, Fig. 6). Heart extracts

from K-line mice also had significantly greater calreticulin

and PDI protein expression versus control (P \ 0.005,

Fig. 6). PDI protein expression in K-line heart extracts was

also significantly greater than PDI protein expression in

heart extracts from N-line mice (P \ 0.05) (Fig. 6).

Discussion

We examined the effects of elevated expression of a wild

type and activated NHE1 on the myocardium in vivo in

intact mice. We have previously used this established

mouse model and shown that elevation of NHE1 makes the

myocardium less susceptible to ischemia/reperfusion-

induced injury [34], an observation later confirmed by

others [13]. The long-term effects of expression of an

activated from of NHE1 compared with the wild type, have

not been examined. This is a physiologically relevant

question as increased NHE1 expression and activity are

reported in several in vivo and in vitro models of cardiac

diseases [19–21, 27, 38, 62]. NHE1 also has a set point and

is inactive at pH’s near 7.4 [14]. Therefore, it is uncertain

whether increased elevation of NHE1 expression alone has

detrimental effects without the activation that shifts it to

greater activity at more alkaline pH. Such activation could

occur in pathological situations. For example, kinases that

phosphorylate NHE1 have increased activity in the dis-

eased myocardium [51]. However, aside from its pH regu-

latory role NHE1 also has other physiological roles in the

cells such as acting as an anchor for other proteins

including the actin cytoskeleton [50]. Increased NHE1

expression without increased activity could, therefore,

affect cardiac function. We, therefore, investigated the

relative contribution of activated versus non-activated

NHE1 protein in two different cardiac models.

NHE1 requires enhanced activity to lead to rapid

remodeling and myocardial dysfunction

NHE1 generated a pro-hypertrophic effect but this effect

was principally in K-line mice expressing an activated form

Fig. 6 Immunoblot analysis of

endoplasmic reticulum stress

response protein expression

levels in control, N-line and

K-line mouse heart lysates.

a Western blot of calreticulin

and PDI protein expression

normalized to actin.

b Quantification of a series of

experiments measuring the ratio

of calreticulin or PDI to actin.

Results are expressed as a % of

control ± SEM.

(n = 5-6 hearts/group).
�P \ 0.005 for control versus

N- or K-line. *P \ 0.05 for

N-line versus K-line
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of NHE1. K-line mice demonstrated increased HW/BW,

elevated ANP expression, elevated IF and increased CSA.

N-line mice only showed elevated ANP mRNA levels.

Echocardiography revealed that K-line mice had a number

of morphological defects and global myocardial deteriora-

tion while N-line mice were similar to wild type, with mild

functional abnormalities. The results with the K-line mice

are largely in agreement with a recent study [52] that also

expressed activated NHE1 in the myocardium. However,

their study used a large deletion of the NHE1 C-terminus

(637–656 base pair region), as opposed to the specific point

mutations in the calmodulin binding region used in the

present study. In addition, we examined 10–12-week-old

mice as opposed to 40 day-old mice. Our findings directly

distinguish between the effects of increased expression of

(wild type) NHE1 versus increased expression of an acti-

vated NHE1, which was not shown in the earlier work [52].

We showed that expression of the activated NHE1 causes

strong hypertrophic effects while expression of the wild type

NHE1 causes milder effects. Thus, the activated form of

NHE1 was required to induce (most) phenotypic changes in

the whole animal—expression of wild type NHE1 had

milder effects. Cook et al. [13] demonstrated that enhanced

expression of wild type NHE1 results in spontaneous

development of heart failure, premature mortality, increased

apoptotic cell death and cardiac remodeling in another

mouse model. However, their results were for much older

mice, 8–11 months of age, as opposed to ours at

10–12 weeks. This supports the idea that expression of wild

type NHE1 has a weaker pro-hypertrophic effect. Given the

long periods of time in older mice, this effect appears to

accumulate and causes more severe pathological changes.

Signaling pathways leading to cardiac hypertrophy

Numerous signaling pathways have been implicated in the

development of cardiac hypertrophy including MAPKs

(ERK, p38 and JNK) and RSK [31]. Many of these pro-

hypertrophic signaling pathways have also been implicated

in regulation of NHE1 [3, 46]. We found no significant

differences in phosphorylated ERK, p38, JNK, RSK in our

N-line and K-line mice when compared to control. In

contrast, a previous report [52] in which active NHE1 was

over-expressed, found that p38 and ERK were significantly

activated. Our model varied from that reported earlier in

the region mutated on the C-terminus of NHE1. We used

site-specific mutagenesis to cause a specific mutation of the

calmodulin regulatory domain. The earlier model used

deletion of amino acids 637–656. This appears to have

caused a more extreme activation of the NHE1 protein,

inducing further stress and perhaps contributing to the

activation of MAPKs. The early and more severe effects of

NHE1 expression shown in that study [52] support this

suggestion. If activation of these kinases only occurs with

later severe stages of the pathology, the activation of these

pathways is likely a later consequence of the heart failure,

rather than being causal. An alternative explanation for the

discrepancy between the studies is that that these kinases

were activated at a different age in our model of transgenic

animals. We examined two time points, 2 and 12-week-old

hearts. It is possible that activation of the kinases occurred

at ages other than these time points. Future studies will

examine this possibility.

We also did not find any differences in total GSK-3b
and calcineurin activity in N-line and K-line mice. This

suggested that these pathways are also not involved in

mediating the pathology that we observed. It has been

suggested that alteration of Ca2? cycling [52] mediates the

cardiac hypertrophy induced by expression of activated

NHE1 in the myocardium. We previously demonstrated

that N-line and K-line mice do not have an alteration of

expression of genes involved in Ca2? cycling (NCX,

SERCA and Na?-K?-ATPase) and pH regulatory proteins

(AE3 and NBC1) [34]. Preliminary results have also sug-

gested that mRNA levels of these Ca2? cycling proteins are

unaltered in the transgenic mice (unpublished observa-

tions). However, we have not excluded alteration of Ca2?

handling in these mice and in fact, we noted earlier that

K-line mice have abnormal calcium handling [4], which

could be involved in mediating cardiac hypertrophy.

ER stress response protein levels

We also investigated the involvement of the ER stress

response, which was previously suggested to contribute to

the cardioprotective effects of elevated expression of

NHE1 [13]. Induction of multiple ER stress associated

genes has been reported to lead to a dramatic reduction in

infarct size following I/R-injury [48]. In our studies, we

found that both N-line and K-line mouse hearts expressed

elevated levels of the ER stress proteins calreticulin and

PDI. K-line mouse hearts expressed more stress response

protein than N-line mice and this difference was significant

for the level of PDI versus N-line hearts. The long-term

elevation of ER stress proteins leads to cardiac remodeling

and failure [13] which may account for some of the effects

we found including K-line mice hypertrophy and sensi-

tivity to alpha1-adrenergic stimulation (see below).

Apoptosis and NHE1

Apoptosis can be initiated by the death receptor/extrinsic

pathway, the mitochondrial/intrinsic pathway [29] and

unresolved ER stress [13]. In previous reports, it was dem-

onstrated that chronic elevation of NHE1 expression pro-

duces elevation of both ER stress proteins and the

612 Basic Res Cardiol (2011) 106:603–616

123



expression of the C/EBP homologous protein, which

mediates the induction of pro-apoptotic pathways [13]. The

elevation of ER stress proteins was initially protective to the

myocardium, but later, there was a biphasic effect and

chronic ER stress facilitated cardiac remodeling and failure,

likely through induction of apoptosis [13]. However, the

mitochondrial/intrinsic pathway was not investigated and

ruled out as means of inducing apoptosis in NHE1

expressing transgenic mice. This pathway has been impli-

cated in NHE1-mediated apoptosis in the myocardium [29].

In addition, mitochondrial fission and fusion proteins have

been shown to be elevated in cardiomyocytes during

phenylephrine induced hypertrophy [36]. In our study, we

showed swollen mitochondria in our K-line mice. In addi-

tion, there was significantly elevated apoptosis in the myo-

cardium. Apoptosis was not demonstrated in hearts

expressing wild type NHE1 indicated that an activated

NHE1 was facilitating this effect. Cook et al. [13] found that

wild type NHE1 induces apoptosis, however, they examined

much older mice, and the effects of elevated NHE1

expression increased with age. The effects of expression of

NHE1 with age were also clearly demonstrated in our earlier

studies, which examined the survival rate of N-line and

K-line mice. The survival rate of N-line mice declined only

slightly following 7 months of age, while only 40% of the

K-line mice were alive at 8 months of age [12]. Further

studies characterizing the age-induced phenotype of trans-

genic mice expressing active NHE1 would be essential to

providing further understanding of the role of NHE1 in

cardiac pathology.

We further investigate the contribution of the caspase

dependent pathway to apoptosis. We observed no differ-

ences in Cyt c and cleaved PARP protein expression in

both the cytosol and mitochondria in control and NHE1

expressing transgenic mice. AIF has been shown to trans-

locate into the cytoplasm with further induction into the

nuclei and this induces a caspase-independent DNA frag-

mentation [55]. Our results demonstrate that AIF appears to

be significantly greater in the mitochondrial fraction of our

K-line mice. Since release of AIF from mitochondria is

normally thought to trigger the cell death program, our

results suggest that cell death is likely not mediated

through this mitochondrial pathway. Therefore, although it

is evident that activated NHE1 induces apoptosis, the

mechanism by which this occurs seems less likely to

involve the mitochondrial/intrinsic pathway, supporting the

suggestion that ER stress is involved [13].

NHE1 expression sensitizes the myocardium

to alpha1-adrenergic stimulation

We noticed that K-line mice appeared to be particularly

sensitive to the stress induced by pregnancy, causing a

relatively high rate of mortality during gestation that was

associated with cardiovascular failure (not shown). We,

therefore, examined whether these mice were more sen-

sitive to the cardiovascular stress of alpha1-adrenergic

stimulation, which both causes cardiac hypertrophy and

stimulates NHE1 activity [11, 41, 43, 56, 63]. In heart

failure, chronic stimulation of adrenoceptors has been

linked to pathological cardiac remodeling, including

cardiomyocyte apoptosis and hypertrophy [57]. In addi-

tion, beneficial effects of NHE1 inhibitor treatment in a

rapid pacing model of heart failure may be due to

attenuation of increases in circulating noradrenalin con-

tent [42]. We found that stimulation of K-line mice with

PE led to a further increase in HW/BW and a further

increase in ANP mRNA expression. The effect of PE on

K-line mice was associated with myocardial edema,

possibly indicating a later stage of chronic heart failure.

The large elevation of ANP mRNA levels by PE in the

K-line mice indicates that there was a further progression

of the hypertrophic response. Other indicators such as

CSA and IF were not further elevated, perhaps due to the

degree of NHE1-induced hypertrophy. The results sug-

gest that the presence of the activated NHE1 causes an

increase in the sensitivity to PE stimulation particularly

in vivo in mice.

Overall, our data demonstrate that activated NHE1 is

necessary for the more severe pathological effects of

NHE1 expression in vivo. Elevated expression of wild

type NHE1 only caused relatively minor increases in

indices of cardiac hypertrophy. With time, these may

cause more detrimental effects. Our model did not

show increases in ERK, p38, JNK, RSK phosphorylation

or elevated calcineurin levels, suggesting that these are

not causal in these stages of the pathology examined.

Rather they may be manifestation of later stages of the

pathology. An additional novel finding was that expres-

sion of activated NHE1 protein causes increased

sensitivity to neurohormonal stimuli in intact mice.

This is in line with the idea that activation of the

increased levels of NHE1 are required to stimulate the

cardiac pathology that NHE1 induces. Though NHE1 has

other roles in cells such as kinase scaffolding and cyto-

skeletal anchoring [50], it appears that elevated NHE1

activity is the critical factor in mediating the cardiac

pathology.

Acknowledgments This work was supported by the Canadian

Institutes of Health Research #MOP-97816. Larry Fliegel is supported

by an Alberta Heritage Foundation for Medical Research Senior

Scientist award and Fatima Mraiche is supported by CIHR and

AHFMR. Morris Karmazyn is supported by a Canada Research Chair

in Experimental Cardiology.

Conflict of interest None.

Basic Res Cardiol (2011) 106:603–616 613

123



References

1. Aker S, Snabaitis AK, Konietzka I, Van De Sand A, Bongler K,

Avkiran M, Heusch G, Schulz R (2004) Inhibition of the

Na?/H? exchanger attenuates the deterioration of ventricular

function during pacing-induced heart failure in rabbits. Cardio-

vasc Res 63:273–282. doi:10.1016/j.cardiores.2004.04.014

2. Avkiran M (2001) Protection of the ischaemic myocardium by

Na?/H? exchange inhibitors: potential mechanisms of action.

Basic Res Cardiol 96:306–311. doi:10.1007/s003950170037

3. Avkiran M, Cook AR, Cuello F (2008) Targeting Na?/H?

exchanger regulation for cardiac protection: a RSKy approach?

Curr Opin Pharmacol 8:133–140. doi:10.1016/j.coph.2007.

12.007

4. Baczko I, Mraiche F, Light PE, Fliegel L (2008) Diastolic cal-

cium is elevated in metabolic recovery of cardiomyocytes

expressing elevated levels of the Na?/H? exchanger. Can J

Physiol Pharmacol 86:850–859. doi:10.1139/y08-092

5. Camprecios G, Navarro M, Soley M, Ramirez I (2009) Acute and

chronic adrenergic stimulation of submandibular salivary glands.

Effects on the endocrine function of epidermal growth factor in

mice. Growth Factors 27:300–308. doi:10.1080/089771909031

37736

6. Chen L, Chen CX, Gan XT, Beier N, Scholz W, Karmazyn M

(2004) Inhibition and reversal of myocardial infarction-induced

hypertrophy and heart failure by NHE-1 inhibition. Am J Physiol

Heart Circ Physiol 286:H381–H387. doi:10.1152/ajpheart.

00602.2003

7. Chen L, Gan XT, Haist JV, Feng Q, Lu X, Chakrabarti S, Kar-

mazyn M (2001) Attenuation of compensatory right ventricular

hypertrophy and heart failure following monocrotaline-induced

pulmonary vascular injury by the Na?-H? exchange inhibitor

cariporide. J. Pharmacol Exp Ther 298:469–476

8. Chen L, Zhang J, Gan TX, Chen-Izu Y, Hasday JD, Karmazyn M,

Balke CW, Scharf SM (2008) Left ventricular dysfunction and

associated cellular injury in rats exposed to chronic intermittent

hypoxia. J Appl Physiol 104:218–223. doi:10.1152/japplphysiol.

00301.2007

9. Chen P, Yuan Y, Wang S, Zhan L, Xu J (2006) Captopril, an

Angiotensin-converting enzyme inhibitor, attenuates the severity

of acute pancreatitis in rats by reducing expression of

matrix metalloproteinase 9. Tohoku J Exp Med 209:99–107.

doi:JST.JSTAGE/tjem/209.99

10. Cingolani HE, Ennis IL (2007) Sodium-hydrogen exchanger,

cardiac overload, and myocardial hypertrophy. Circula-

tion 115:1090–1100. doi:10.1161/CIRCULATIONAHA.106.626

929

11. Coccaro E, Karki P, Cojocaru C, Fliegel L (2009) Phenylephrine

and sustained acidosis activate the neonatal rat cardiomyocyte

Na?/H? exchanger through phosphorylation of amino acids

Ser770 and Ser771. Am J Physiol Heart Circ Physiol 297:H846–

H858. doi:10.1152/ajpheart.01231.2008

12. Coccaro E, Mraiche F, Malo M, Vandertol-Vanier H, Bullis B,

Robertson M, Fliegel L (2007) Expression and characterization of

the Na(?)/H(?) exchanger in the mammalian myocardium. Mol

Cell Biochem 302:145–155. doi:10.1007/s11010-007-9436-3

13. Cook AR, Bardswell SC, Pretheshan S, Dighe K, Kanaganaya-

gam GS, Jabr RI, Merkle S, Marber MS, Engelhardt S, Avkiran

M (2009) Paradoxical resistance to myocardial ischemia and age-

related cardiomyopathy in NHE1 transgenic mice: a role for ER

stress? J Mol Cell Cardiol 46:225–233. doi:10.1016/j.

yjmcc.2008.10.013

14. Counillon L, Pouyssegur J (2000) The expanding family of

eukaryotic Na?/H? exchangers. J Biol Chem 275:1–4. doi:

10.1074/jbc.275.1.1

15. Crone SA, Zhao YY, Fan L, Gu Y, Minamisawa S, Liu Y, Pet-

erson KL, Chen J, Kahn R, Condorelli G, Ross J Jr, Chien KR,

Lee KF (2002) ErbB2 is essential in the prevention of dilated

cardiomyopathy. Nat Med 8:459–465. doi:10.1038/nm0502-459

16. Dallabrida SM, Ismail NS, Pravda EA, Parodi EM, Dickie R,

Durand EM, Lai J, Cassiola F, Rogers RA, Rupnick MA (2008)

Integrin binding angiopoietin-1 monomers reduce cardiac

hypertrophy. FASEB J 22:3010–3023. doi:10.1096/fj.07-100966

17. Dawn B, Xuan YT, Marian M, Flaherty MP, Murphree SS, Smith

TL, Bolli R, Jones WK (2001) Cardiac-specific abrogation of NF-

kappa B activation in mice by transdominant expression of a

mutant I kappa B alpha. J Mol Cell Cardiol 33:161–173. doi:

10.1006/jmcc.2000.1291

18. Dolinsky VW, Chan AY, Robillard Frayne I, Light PE, Des

Rosiers C, Dyck JR (2009) Resveratrol prevents the prohyper-

trophic effects of oxidative stress on LKB1. Circulation

119:1643–1652. doi:10.1161/CIRCULATIONAHA.108.787440

19. Dyck JRB, Maddaford T, Pierce GN, Fliegel L (1995) Induction

of expression of the sodium-hydrogen exchanger in rat myocar-

dium. Cardiovasc Res 29:203–208. doi:10.1016/S0008-6363

(96)88571-3

20. Engelhardt S, Hein L, Keller U, Klambt K, Lohse MJ (2002)

Inhibition of Na(?)-H(?) exchange prevents hypertrophy,

fibrosis, and heart failure in beta(1)-adrenergic receptor trans-

genic mice. Circ Res 90:814–819. doi:10.1161/01.RES.00000149

66.97486.C0

21. Ennis IL, Escudero EM, Console GM, Camihort G, Dumm CG,

Seidler RW, Camilion de Hurtado MC, Cingolani HE (2003)

Regression of isoproterenol-induced cardiac hypertrophy by Na?/

H? exchanger inhibition. Hypertension 41:1324–1329. doi:

10.1161/01.HYP.0000071180.12012.6E

22. Fetscher C, Chen H, Schafers RF, Wambach G, Heusch G,

Michel MC (2001) Modulation of noradrenaline-induced micro-

vascular constriction by protein kinase inhibitors. Naunyn

Schmiedebergs Arch Pharmacol 363:57–65. doi:10.1007/s002

100000338

23. Fliegel L (2001) Regulation of myocardial Na?/H? exchanger

activity. Basic Res Cardiol 96:301–305. doi:10.1007/

s003950170036

24. Fliegel L (2009) Regulation of the Na?/H? exchanger in the

healthy and diseased myocardium. Expert Opin Ther Targets

13:55–68. doi:10.1517/14728220802600707

25. Fliegel L (2005) The Na?/H? exchanger isoform 1. Int J Bio-

chem Cell Biol 37:33–37. doi:10.1016/j.biocel.2004.02.006

26. Fujita T, Noda H, Ito Y, Isaka M, Sato Y, Ogata E (1989)

Increased sympathoadrenomedullary activity and left ventricular

hypertrophy in young patients with borderline hypertension.

J Mol Cell Cardiol 21(Suppl 5):31–38

27. Gan XT, Chakrabarti S, Karmazyn M (1999) Modulation of

Na?/H? exchange isoform 1 mRNA expression in isolated rat

hearts. Am J Physiol 277:H993–H998

28. Gan XT, Gong XQ, Xue J, Haist JV, Bai D, Karmazyn M (2009)

Sodium-hydrogen exchange inhibition attenuates glycoside-

induced hypertrophy in rat ventricular myocytes. Cardiovasc Res

85:79–89. doi:10.1093/cvr/cvp283

29. Garciarena CD, Caldiz CI, Portiansky EL, Chiappe de Cingolani

GE, Ennis IL (2009) Chronic NHE-1 blockade induces an anti-

apoptotic effect in the hypertrophied heart. J Appl Physiol

106:1325–1331. doi:10.1152/japplphysiol.91300.2008

30. Goldspink PH, McKinney RD, Kimball VA, Geenen DL, Buttrick

PM (2001) Angiotensin II induced cardiac hypertrophy in vivo is

inhibited by cyclosporin A in adult rats. Mol Cell Biochem

226:83–88. doi:10.1023/A:1012789819926

31. Heineke J, Molkentin JD (2006) Regulation of cardiac hyper-

trophy by intracellular signalling pathways. Nat Rev Mol Cell

Biol 7:589–600. doi:10.1038/nrm1983

614 Basic Res Cardiol (2011) 106:603–616

123

http://dx.doi.org/10.1016/j.cardiores.2004.04.014
http://dx.doi.org/10.1007/s003950170037
http://dx.doi.org/10.1016/j.coph.2007.12.007
http://dx.doi.org/10.1016/j.coph.2007.12.007
http://dx.doi.org/10.1139/y08-092
http://dx.doi.org/10.1080/08977190903137736
http://dx.doi.org/10.1080/08977190903137736
http://dx.doi.org/10.1152/ajpheart.00602.2003
http://dx.doi.org/10.1152/ajpheart.00602.2003
http://dx.doi.org/10.1152/japplphysiol.00301.2007
http://dx.doi.org/10.1152/japplphysiol.00301.2007
http://dx.doi.org/JST.JSTAGE/tjem/209.99
http://dx.doi.org/10.1161/CIRCULATIONAHA.106.626929
http://dx.doi.org/10.1161/CIRCULATIONAHA.106.626929
http://dx.doi.org/10.1152/ajpheart.01231.2008
http://dx.doi.org/10.1007/s11010-007-9436-3
http://dx.doi.org/10.1016/j.yjmcc.2008.10.013
http://dx.doi.org/10.1016/j.yjmcc.2008.10.013
http://dx.doi.org/10.1074/jbc.275.1.1
http://dx.doi.org/10.1038/nm0502-459
http://dx.doi.org/10.1096/fj.07-100966
http://dx.doi.org/10.1006/jmcc.2000.1291
http://dx.doi.org/10.1161/CIRCULATIONAHA.108.787440
http://dx.doi.org/10.1016/S0008-6363(96)88571-3
http://dx.doi.org/10.1016/S0008-6363(96)88571-3
http://dx.doi.org/10.1161/01.RES.0000014966.97486.C0
http://dx.doi.org/10.1161/01.RES.0000014966.97486.C0
http://dx.doi.org/10.1161/01.HYP.0000071180.12012.6E
http://dx.doi.org/10.1007/s002100000338
http://dx.doi.org/10.1007/s002100000338
http://dx.doi.org/10.1007/s003950170036
http://dx.doi.org/10.1007/s003950170036
http://dx.doi.org/10.1517/14728220802600707
http://dx.doi.org/10.1016/j.biocel.2004.02.006
http://dx.doi.org/10.1093/cvr/cvp283
http://dx.doi.org/10.1152/japplphysiol.91300.2008
http://dx.doi.org/10.1023/A:1012789819926
http://dx.doi.org/10.1038/nrm1983


32. Henderson NC, Mackinnon AC, Farnworth SL, Poirier F, Russo

FP, Iredale JP, Haslett C, Simpson KJ, Sethi T (2006) Galectin-3

regulates myofibroblast activation and hepatic fibrosis. Proc Natl

Acad Sci USA 103:5060–5065. doi:10.1073/pnas.0511167

103

33. Iaccarino G, Dolber PC, Lefkowitz RJ, Koch WJ (1999) Bbeta-

adrenergic receptor kinase-1 levels in catecholamine-induced

myocardial hypertrophy: regulation by beta- but not alpha1-

adrenergic stimulation. Hypertension 33:396–401

34. Imahashi K, Mraiche F, Steenbergen C, Murphy E, Fliegel L

(2007) Overexpression of the Na?/H? exchanger and ischemia-

reperfusion injury in the myocardium. Am J Physiol Heart Circ

Physiol 292:H2237–H2247. doi:10.1152/ajpheart.00855.2006

35. Javadov S, Choi A, Rajapurohitam V, Zeidan A, Basnakian AG,

Karmazyn M (2008) NHE-1 inhibition-induced cardioprotection

against ischaemia/reperfusion is associated with attenuation of

the mitochondrial permeability transition. Cardiovasc Res

77:416–424. doi:10.1093/cvr/cvm039

36. Javadov S, Rajapurohitam V, Kilic A, Hunter JC, Zeidan A, Said

Faruq N, Escobales N, Karmazyn M (2010) Expression of

mitochondrial fusion-fission proteins during post-infarction

remodeling: the effect of NHE-1 inhibition. Basic Res Cardiol (in

press). doi:10.1007/s00395-010-0122-3

37. Jiang R, Zatta A, Kin H, Wang N, Reeves JG, Mykytenko J,

Deneve J, Zhao ZQ, Guyton RA, Vinten-Johansen J (2007) PAR-

2 activation at the time of reperfusion salvages myocardium via

an ERK1/2 pathway in in vivo rat hearts. Am J Physiol Heart Circ

Physiol 293:H2845–H2852. doi:10.1152/ajpheart.00209.2007

38. Karmazyn M, Liu Q, Gan XT, Brix BJ, Fliegel L (2003) Aldo-

sterone increases NHE-1 expression and induces NHE-1-depen-

dent hypertrophy in neonatal rat ventricular myocytes.

Hypertension 42:1171–1176. doi:10.1161/01.HYP.00001

02863.23854.0B

39. Karmazyn M, Sawyer M, Fliegel L (2005) The Na(?)/H(?)

exchanger: a target for cardiac therapeutic intervention. Curr

Drug Targets Cardiovasc Haematol Disord 5:323–335. doi:

10.2174/1568006054553417

40. Karmazyn M, Sostaric JV, Gan XT (2001) The myocardial Na?/

H? exchanger: a potential therapeutic target for the prevention of

myocardial ischaemic and reperfusion injury and attenuation of

postinfarction heart failure. Drugs 61:375–389. doi:10.2165/

00003495-200161030-00006

41. Kramer BK, Smith TW, Kelly RA (1991) Endothelin and

increased contractility in adult rat ventricular myocytes. Role of

intracellular alkalosis induced by activation of the protein kinase

C-dependent Na?-H? exchanger. Circ Res 68:269–279

42. Leineweber K, Aker S, Beilfuss A, Rekasi H, Konietzka I, Martin

C, Heusch G, Schulz R (2006) Inhibition of Na?/H? -exchanger

with sabiporide attenuates the downregulation and uncoupling of

the myocardial beta-adrenoceptor system in failing rabbit hearts.

Br J Pharmacol 148:137–146. doi:10.1038/sj.bjp.0706714

43. Liu F, Gesek FA (2001) Alpha(1)-Adrenergic receptors activate

NHE1 and NHE3 through distinct signaling pathways in epithe-

lial cells. Am J Physiol Renal Physiol 280:F415–F425

44. Maass AH, Ikeda K, Oberdorf-Maass S, Maier SK, Leinwand LA

(2004) Hypertrophy, fibrosis, and sudden cardiac death in

response to pathological stimuli in mice with mutations in cardiac

troponin T. Circulation 110:2102–2109. doi:10.1161/01.CIR.

0000144460.84795.E3

45. Malo ME, Fliegel L (2006) Physiological role and regulation of

the Na?/H? exchanger. Can J Physiol Pharmacol 84:1081–1095.

doi:10.1139/Y06-065

46. Malo ME, Li L, Fliegel L (2007) Mitogen-activated protein

kinase-dependent activation of the Na?/H? exchanger is medi-

ated through phosphorylation of amino acids Ser770 and Ser771.

J Biol Chem 282:6292–6299. doi:10.1074/jbc.M611073200

47. Marano G, Vergari A, Catalano L, Gaudi S, Palazzesi S, Musu-

meci M, Stati T, Ferrari AU (2004) Na?/H? exchange inhibition

attenuates left ventricular remodeling and preserves systolic

function in pressure-overloaded hearts. Br J Pharmacol

141:526–532. doi:10.1038/sj.bjp.0705631

48. Martindale JJ, Fernandez R, Thuerauf D, Whittaker R, Gude N,

Sussman MA, Glembotski CC (2006) Endoplasmic reticulum

stress gene induction and protection from ischemia/reperfusion

injury in the hearts of transgenic mice with a tamoxifen-regulated

form of ATF6. Circ Res 98:1186–1193. doi:10.1161/01.

RES.0000220643.65941.8d

49. Matsui Y, Jia N, Okamoto H, Kon S, Onozuka H, Akino M, Liu

L, Morimoto J, Rittling SR, Denhardt D, Kitabatake A, Uede T

(2004) Role of osteopontin in cardiac fibrosis and remodeling in

angiotensin II-induced cardiac hypertrophy. Hypertension

43:1195–1201. doi:10.1161/01.HYP.0000128621.68160.dd

50. Meima ME, Mackley JR, Barber DL (2007) Beyond ion trans-

location: structural functions of the sodium-hydrogen exchanger

isoform-1. Curr Opin Nephrol Hypertension 16:365–372. doi:

10.1097/MNH.0b013e3281bd888d

51. Moor A, Gan XT, Karmazyn M, Fliegel L (2001) Activation of

Na?/H? exchanger-directed protein kinases in the ischemic and

ischemic-reperfused rat myocardium. J Biol Chem

27:16113–16122. doi:10.1074/jbc.M100519200

52. Nakamura TY, Iwata Y, Arai Y, Komamura K, Wakabayashi S

(2008) Activation of Na?/H? exchanger 1 is sufficient to gen-

erate Ca2? signals that induce cardiac hypertrophy and heart

failure. Circ Res 103:891–899. doi:10.1161/CIRCRESAHA.

108.175141

53. Nakayama H, Wilkin BJ, Bodi I, Molkentin JD (2006) Calci-

neurin-dependent cardiomyopathy is activated by TRPC in the

adult mouse heart. FASEB J 20:1660–1670. doi:10.1096/fj.

05-5560com

54. Niizeki T, Takeishi Y, Kitahara T, Arimoto T, Ishino M, Bilim O,

Suzuki S, Sasaki T, Nakajima O, Walsh RA, Goto K, Kubota I

(2008) Diacylglycerol kinase-epsilon restores cardiac dysfunction

under chronic pressure overload: a new specific regulator of

Galpha(q) signaling cascade. Am J Physiol Heart Circ Physiol

295:H245–H255. doi:10.1152/ajpheart.00066.2008

55. Regula KM, Kirshenbaum LA (2005) Apoptosis of ventricular

myocytes: a means to an end. J Mol Cell Cardiol 38:3–13. doi:

10.1016/j.yjmcc.2004.11.003

56. Schafer M, Schafer C, Michael Piper H, Schluter KD (2002)

Hypertrophic responsiveness of cardiomyocytes to alpha- or beta-

adrenoceptor stimulation requires sodium-proton-exchanger-1

(NHE-1) activation but not cellular alkalization. Eur J Heart Fail

4:249–254. doi:10.1016/S1388-9842(02)00016-8

57. Shannon R, Chaudhry M (2006) Effect of alpha1-adrenergic

receptors in cardiac pathophysiology. Am Heart J 152:842–850.

doi:10.1016/j.ahj.2006.05.017

58. Vinge LE, von Lueder TG, Aasum E, Qvigstad E, Gravning JA,

How OJ, Edvardsen T, Bjornerheim R, Ahmed MS, Mikkelsen

BW, Oie E, Attramadal T, Skomedal T, Smiseth OA, Koch WJ,

Larsen TS, Attramadal H (2008) Cardiac-restricted expression of

the carboxyl-terminal fragment of GRK3 Uncovers Distinct

Functions of GRK3 in regulation of cardiac contractility and

growth: GRK3 controls cardiac alpha1-adrenergic receptor

responsiveness. J Biol Chem 283:10601–10610. doi:10.1074/

jbc.M708912200

59. Wang Y, Luo J, Chen X, Chen H, Cramer SW, Sun D (2008)

Gene inactivation of Na?/H? exchanger isoform 1 attenuates

apoptosis and mitochondrial damage following transient focal

cerebral ischemia. Eur J Neurosci 28:51–61. doi:10.1111/j.1460-

9568.2008.06304.x

60. Wu X, Chang B, Blair NS, Sargent M, York AJ, Robbins J, Shull

GE, Molkentin JD (2009) Plasma membrane Ca2?-ATPase

Basic Res Cardiol (2011) 106:603–616 615

123

http://dx.doi.org/10.1073/pnas.0511167103
http://dx.doi.org/10.1073/pnas.0511167103
http://dx.doi.org/10.1152/ajpheart.00855.2006
http://dx.doi.org/10.1093/cvr/cvm039
http://dx.doi.org/10.1007/s00395-010-0122-3
http://dx.doi.org/10.1152/ajpheart.00209.2007
http://dx.doi.org/10.1161/01.HYP.0000102863.23854.0B
http://dx.doi.org/10.1161/01.HYP.0000102863.23854.0B
http://dx.doi.org/10.2174/1568006054553417
http://dx.doi.org/10.2165/00003495-200161030-00006
http://dx.doi.org/10.2165/00003495-200161030-00006
http://dx.doi.org/10.1038/sj.bjp.0706714
http://dx.doi.org/10.1161/01.CIR.0000144460.84795.E3
http://dx.doi.org/10.1161/01.CIR.0000144460.84795.E3
http://dx.doi.org/10.1139/Y06-065
http://dx.doi.org/10.1074/jbc.M611073200
http://dx.doi.org/10.1038/sj.bjp.0705631
http://dx.doi.org/10.1161/01.RES.0000220643.65941.8d
http://dx.doi.org/10.1161/01.RES.0000220643.65941.8d
http://dx.doi.org/10.1161/01.HYP.0000128621.68160.dd
http://dx.doi.org/10.1097/MNH.0b013e3281bd888d
http://dx.doi.org/10.1074/jbc.M100519200
http://dx.doi.org/10.1161/CIRCRESAHA.108.175141
http://dx.doi.org/10.1161/CIRCRESAHA.108.175141
http://dx.doi.org/10.1096/fj.05-5560com
http://dx.doi.org/10.1096/fj.05-5560com
http://dx.doi.org/10.1152/ajpheart.00066.2008
http://dx.doi.org/10.1016/j.yjmcc.2004.11.003
http://dx.doi.org/10.1016/S1388-9842(02)00016-8
http://dx.doi.org/10.1016/j.ahj.2006.05.017
http://dx.doi.org/10.1074/jbc.M708912200
http://dx.doi.org/10.1074/jbc.M708912200
http://dx.doi.org/10.1111/j.1460-9568.2008.06304.x
http://dx.doi.org/10.1111/j.1460-9568.2008.06304.x


isoform 4 antagonizes cardiac hypertrophy in association with

calcineurin inhibition in rodents. J Clin Invest 119:976–985. doi:

10.1172/JCI36693

61. Xia Y, Rajapurohitam V, Cook MA, Karmazyn M (2004) Inhi-

bition of phenylephrine induced hypertrophy in rat neonatal

cardiomyocytes by the mitochondrial KATP channel opener

diazoxide. J Mol Cell Cardiol 37:1063–1067. doi:10.1016/j.

yjmcc.2004.07.002

62. Yokoyama H, Gunasegaram S, Harding SE, Avkiran M (2000)

Sarcolemmal Na?/H? exchanger activity and expression in

human ventricular myocardium. J Am Coll Cardiol 36:534–540.

doi:10.1016/S0735-1097(00)00730-0

63. Yokoyama H, Yasutake M, Avkiran M (1998) Alpha1-adrenergic

stimulation of sarcolemmal Na?-H? exchanger activity in rat

ventricular myocytes: evidence for selective mediation by the

alpha1A-adrenoceptor subtype. Circ Res 82:1078–1085

64. Yoshida H, Karmazyn M (2000) Na(?)/H(?) exchange inhibi-

tion attenuates hypertrophy and heart failure in 1-wk postin-

farction rat myocardium. A J Physiol 278:H300–H304

616 Basic Res Cardiol (2011) 106:603–616

123

http://dx.doi.org/10.1172/JCI36693
http://dx.doi.org/10.1016/j.yjmcc.2004.07.002
http://dx.doi.org/10.1016/j.yjmcc.2004.07.002
http://dx.doi.org/10.1016/S0735-1097(00)00730-0

	Activated NHE1 is required to induce early cardiac hypertrophy in mice
	Abstract
	Introduction
	Materials and methods
	Materials
	NHE1 transgenic mice
	Western blot analysis and sample preparation
	Transgenic heart evaluation
	Statistical analysis

	Results
	NHE1 protein expression and HA-tagged NHE1 expression
	In vivo indices of cardiac hypertrophy
	Cardiac function and myocardial remodeling in vivo
	Signaling pathways of transgenic hearts
	Indices of apoptosis in vivo
	Alpha1-adrenergic stimulation in vivo
	Endoplasmic reticulum stress response

	Discussion
	NHE1 requires enhanced activity to lead to rapid remodeling and myocardial dysfunction
	Signaling pathways leading to cardiac hypertrophy
	ER stress response protein levels
	Apoptosis and NHE1
	NHE1 expression sensitizes the myocardium to alpha1-adrenergic stimulation

	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


