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Abstract

We examined regulation of the Na+/H+ exchanger (NHE1 isoform) in the developing mouse. We generated transgenic mice
with the Na+/H+ exchanger promoter directing expression of the β-Galactosidase reporter. We found that expression of the Na+/
H+ exchanger was maximum in the heart and liver of 12-day-old embryonic mice. Similar results were found in mice using the
green fluorescent protein reporter driven by the Na+/H+ exchanger promoter. Detailed examination of the myocardium revealed
that the GFP reporter protein was expressed in the cytoplasm of cardiomyocyte cells. We examined NHE1 protein expression
in transgenic mice lacking the transcription factors AP-2α or the transcription factor COUP-TF1. Eighteen-day-old AP-2α het-
erozygote mice show no large changes in NHE1 expression in heart, lung, liver, kidney and brain. In contrast, 18-day-old embryos
from AP-2α null mice showed a large increase in Na+/H+ exchanger protein expression in the brain. NHE1 protein levels in
COUP-TF1 knockout embryos did not differ from wild type embryos. The results suggest that AP-2α and COUP-TF1 are not
critical to NHE1 expression in the late stage embryo and that other related transcription factors may function in regulation of
the Na+/H+ exchanger. (Mol Cell Biochem 243: 87–95, 2003)
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Introduction

The Na+/H+ exchanger is a plasma membrane protein respon-
sible for regulating intracellular pH in eukaryotic cells. It re-
moves one intracellular proton in exchange for an extracellular
Na+ when intracellular pH declines. Several isoforms of the
protein exist. The NHE1 isoform was the first discovered
and is ubiquitous in mammalian cells. It is the only plasma
membrane isoform present in the myocardium in significant
quantities [1]. The NHE1 isoform of the Na+/H+ exchanger
is important in a variety of cellular processes related to pH
regulation. For example, NHE1 participates in calcium over-
load in the heart during ischemia and reperfusion. The Na+/H+

exchanger removes protons that accumulate during ischemia
and the resultant Na+ is thought to reverse or reduce the ac-
tivity of the Na+/Ca2+ exchanger. The consequent calcium
overload is implicated in many effects detrimental to the

myocardium [2, 3]. More recently the myocardial Na+/H+

exchanger has been shown to contribute to hypertrophy of
the heart and blockage of the Na+/H+ exchanger prevents
hypertrophy [4, 5].

In other tissues, the Na+/H+ exchanger is important in pH
regulation, but also plays a role in growth and development.
Expression of the Na+/H+ exchanger is increased during dif-
ferentiation of HL-60 (human leukemic) cells [6, 7]. We have
demonstrated that there is a transient increase in the level of
NHE1 transcription during retinoic acid induced differentia-
tion of P19 (embryonal carcinoma) cells and this is accompa-
nied by an increase in activity of the protein that is necessary
for cell differentiation [8, 9]. A number of other studies have
suggested that the Na+/H+ exchanger causes a transient rise
in intracellular pH that is important for growth and differ-
entiation in some cell types [10–13]. Deletion of the Na+/
H+ exchanger in mice causes neurological defects and greatly
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reduces their growth and viability [14]. This suggests that
the Na+/H+ exchanger plays an important, though not essen-
tial role in cell growth and differentiation.

In earlier studies, we have examined the regulation of ex-
pression of the Na+/H+ exchanger in the myocardium and
other tissues. We [15] and others [16] have shown that the
expression of the Na+/H+ exchanger is increased in the myo-
cardium during ischemia and reperfusion. We cloned and
examined the characteristics of the mouse Na+/H+ exchanger
promoter (NHE1 isoform). The mouse NHE1 promoter/en-
hancer region possesses a number of putative regulatory el-
ements including two CAT boxes, an SP-1 site, a cyclic AMP
response element binding site (CREB) and an AP-2 site [17].
Deletion of all these sites except the AP-2 consensus sequence
reduces the transcription activity of a reporter gene by 30–
70%, depending on cell type [9, 17]. Gel mobility shift analy-
sis showed that the transcription factor AP-2 can bind to this
region, and DNase I footprinting analysis showed that this
region is protected by nuclear extracts from NIH 3T3 cells.
In addition, transfection of AP-2 deficient cells with an AP-
2α expression plasmid results in increased activity of the
NHE1 promoter [17]. In the myocardium, the transcription
factor AP-2 regulates NHE1 promoter activity; however this
effect is less in the heart compared to other tissues [18]. It is
of note that the AP-2 site of the mouse promoter is involved
in the regulation of the Na+/H+ exchanger during differentia-
tion of embryonal carcinoma cells [9].

More recently, we have shown that more distal sites of the
NHE1 promoter are also involved in regulation of the Na+/
H+ exchanger gene expression. Mitogenic activation of cells
increases Na+/H+ exchanger transcription in some cell types
and involves a distal site on the NHE1 mouse promoter [19].
We discovered that COUP-TF I and II (originally discovered
as chicken ovalbumin upstream promoter-transcription fac-
tors) are involved in regulation of Na+/H+ exchanger expres-
sion in this region of the promoter. COUP-TFI and II are
orphan receptors that are implicated in regulation of embry-
onic development and neuronal cell fate determination. We
showed that the Na+/H+ exchanger is a novel target for COUP-
TF I and II regulation. The COUP-TF proteins were found to
bind to a region between –841/–800 nt of the mouse NHE1
promoter. In vivo expression of COUP-TF isoforms in NIH3T3
or CV1 cells transactivated the promoter from this element
and from the entire NHE1 promoter [20].

While we have shown that both the transcription factors
AP-2 and COUP-TF I and II are important in Na+/H+ ex-
changer transcription in cultured cells [9, 15, 20], their role
in regulation of Na+/H+ exchanger expression in intact ani-
mals has not been examined. In this study, we examined regu-
lation of Na+/H+ exchanger expression in the myocardium and
other tissues. We also examined the specific effects of abla-
tion of the transcription factors AP-2α and COUP-TF1 on
Na+/H+ exchanger expression in intact mice. The results are

the first demonstration of the effect of transcription factor de-
letion on NHE1 expression in intact animals.

Materials and methods

Transgenic mice

We examined regulation of the NHE1 promoter in utero in
the myocardium by constructing transgenic mice with the β-
Galactosidase (β-Gal) enzyme under the control of the NHE1
promoter. The promoter-reporter construct contained a 3.8-
kb fragment of the mouse NHE1 promoter and β-Gal enzyme
placed after the transcription start site.

The β-Gal reporter construct was generated as follows. A
3.8-kb portion of the mouse NHE1 promoter was obtained
from the plasmid pXP1–5.0 [21]. A HindIII to SalI digestion
was used to obtain a 3.8-kb NHE1 promoter fragment, which
was cloned into the corresponding sites in the vector, pSP73
(Promega) to make pHS-SP as described earlier [22]. XhoI
and SalI digestions removed a 4.6-kb fragment containing the
β-Gal gene from pGal-Basic (CLONTECH). Next, the β-Gal
gene was ligated into pHS-SP at the SalI site, thereby plac-
ing the β-Gal gene 16 basepairs downstream of the transcrip-
tion start site, and producing the desired plasmid, pHS-SP
(β-Gal). Restriction mapping and DNA sequencing confirmed
that pHS-SP(β-Gal) was correctly constructed.

Before constructing the transgenic mice, XhoI and SalI
restriction enzyme digests extracted the 8221-bp NHE1 pro-
moter and β-Gal reporter gene from pHS-SP(β-Gal). This
linearized DNA fragment was injected into the pronucleus of
preimplantation embryos (obtained from the oviducts of preg-
nant FVB/N females less than 20 h after fertilization). Once
injected the fertilized eggs were transferred into the oviduct
of a 1/2-day-old postcoitum pseudopregnant FVB/N female.
Mating with vasectomized males was used to generate the
pseudopregnant females. (All transgenic procedures were per-
formed by Dr. Peter Dickie of the Transgenic Facility, Univer-
sity of Alberta Health Sciences Laboratory Animal Services,
Edmonton, Alberta, Canada). All procedures on animals con-
formed to the Canadian Council on Animal Care regulations.

Tail biopsies of embryos or ear notches of neonates were
used to obtain genomic DNA from putative transgenic mice.
Mice harboring the transgene were identified by polymerase
chain reaction using 5′ and 3′ primers in the coding region
of the reporter. Specifically, the primers were as follows:

β-Gal Forward #1: 5′-CCA TGT CGT TTA CTT TGA CCA
ACA A-3′

β-Gal Reverse #6: 5′-CGG CCT CAG GAA GAT CGC
ACT CC-3′

Two β-Gal-expressing mouse lines were maintained. Selec-
tive breeding generated homozygotes, which was desirable
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for increased transgene expression, ease in future breeding
and subsequent analysis of litters.

X-Gal staining of β-Galactosidase reporter embryos

Mouse embryos were dissected from the uterus at embryonic
day 12 and immediately placed in an ice-cold phosphate buffer
(P-buffer) containing 13.8 g/l NaH

2
PO

4 
and 14.2 g/l Na

2
HPO

4
.

Next, embryos were transferred to individual wells of a 12-well
plate and fixed. Fixation was done for 1 h, at room tempera-
ture, with agitation, in Fix buffer (0.2% gluteraldehyde, 5 mM
EGTA pH 7.3, and 20 mM MgCl

2
 in P-buffer). Next, embryos

were rinsed 3 times, for 30 min each, in Wash buffer (100 mM
sodium phosphate pH 7.3, 2 mM MgCl

2
, 0.01% sodium de-

oxycholate, 0.02% NP-40). Embryos were stained for 36–48
h at 37°C in staining solution (5 mM potassium ferricyanide,
5 mM potassium ferrocyanide, 1 mg/ml X-Gal in Wash buffer).
Once sufficient staining was evident, embryos were post-fixed
overnight in 10% formalin, at 4°C with agitation. At this point,
embryos were washed twice with water for 30 min each, and
then placed in 70% ethanol for storage at 4°C.

Prior to photographing stained whole embryos, tissues
were cleared with methyl salicylate. Embryos were initially
dehydrated by replacing the 70% ethanol storage solution
with 95% ethanol, and incubating for 30 min, at room tem-
perature, with agitation. Embryos were then washed twice,
for 30 min each, with 100% ethanol. Finally, embryos were
transferred to 100% methyl salicylate in glass tubes, and in-
cubated at room temperature, with agitation, for 10–15 min
until the tissue cleared sufficiently. Embryos were photo-
graphed using a Leica MonoZoom 7 light microscope equipped
with a Sanyo Hi-Resolution Color CCD camera.

To see the staining of internal organs more clearly, some
whole stained embryos were cut in half using a cryostat. The
embryos were frozen in cryomatrix as described earlier [22].
Sections of 20 µm thicknesses were cut and discarded until
about half of the embryo remained. The embryos were washed
with water to remove any residual cryomatrix material, de-
hydrated with ethanol, and then cleared with methyl salicylate
as described above. The bisected embryos were photographed
using a Leica MonoZoom 7 light microscope equipped with
a Sanyo Hi-Resolution Color CCD camera. The given results
are representative of 4–5 individual embryos for both con-
trols and β-Gal-positive lines.

Preparation and microscopy of GFP-positive embryos

For some experiments, we used transgenic mice that contained
an identical promoter construct to the β-Gal-positive lines
except that the β-Gal reporter was replaced with a green fluo-
rescent protein (GFP) reporter. Construction of the mice and

examination of the GFP positive embryos was as described
earlier [22]. Images of sagittal cryostat sections were obtained
using a 10× or 100× objective on a Zeiss confocal microscope
with fluorescein isothiocyanate filters. Identical confocal settings
were used to collect images of controls and transgenic embryos
and images were reconstructed using Adobe Photoshop.

NHE1 Western blot analysis

Preparation of total protein from tissues
Organs were harvested from 18-day-old mouse embryos and
immediately frozen in liquid nitrogen. Crude microsome
preparations were prepared essentially as described earlier
[22]. To obtain sufficient protein, organs from several litter-
mates were pooled. Pellets containing the membrane fractions
were resuspended in buffer containing 1M NaCl, 100 mM Tris
pH 7.4, 0.1 mM PMSF, 0.1 mM Benzamidine, 37.5 µM ALLN
(calpain I inhibitor) and a proteinase inhibitor cocktail [23] with
the addition of 1% SDS to aid in solubilization. Protein was
quantified using the Bio-Rad D

C
 Protein Assay kit.

NHE1 immunoblots
Expression of the NHE1 protein was examined using an anti-
NHE1 monoclonal antibody purchased from CHEMICON
International as described earlier [22]. Briefly, crude membrane
fractions containing 60–100 µg total protein were run on 10%
polyacrylamide gels, followed by transfer to nitrocellulose
membranes. Equal transfer of proteins was ensured by Ponceau
S staining the nitrocellulose membranes. After immunoblot-
ting with anti-NHE1 antibody, the Amersham Enhanced
Chemiluminescence reaction was used to visualize immuno-
reactivity. An internal sample of 1 µg of GST protein was added
to each total protein sample to use as a control for protein load-
ing and efficiency of transfer. The immunoblots were stripped
and probed for the GST protein after probing for NHE1.

AP-2 and COUP-TF1 knock-out mice

Mice with a disruption of the AP-2α gene were obtained from
Dr. T. Williams (Yale University, New Haven, CT, USA) and
have been described earlier [24]. Tissues from chicken oval-
bumin upstream promoter transcription factor I (COUP-TFI)
knockout mice were generously provided by Dr. M.J. Tsai
(Department of Cell Biology, Baylor College of Medicine,
Houston, TX, USA).

Maintenance and transfection of cell lines

NIH3T3 cells were grown on coverslips as described earlier
[17]. Cells were transfected with 4 µg of either NHE1-GFP
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reporter, no reporter (mock transfected) or NHE1-β-Gal as de-
scribed earlier [17]. To examine GFP fluorescence, coverslips
were washed with PBS, fixed with 4% paraformaldehyde and
photomicrographs were taken using an Olympus BX50 fluo-
rescent microscope (Olympus, Japan) equipped with a SPOT
digital camera (Diagnostics Instruments). β-Gal activity was
measured using the Galacto-Light Plus Chemiluminescent Re-
porter Assay (Tropix). β-Gal activity of the control was set to
one and other values given are relative to the control.

Results

In this study we examined regulation of Na+/H+ exchanger
expression using two different promoter-reporter DNA con-
structs in transgenic mice. The use of two different promoter-
reporter constructs allowed us to verify that the results we
observed were not due to an artifact of the reporter system.
Figure 1A is a schematic diagram illustrating the β-Gal NHE1
promoter reporter gene construct used to generate the trans-
genic mice described in this study. Figure 1B illustrates our
previously made construct [22] which has the same fragment
of the mouse NHE1 promoter driving expression of the GFP.
Figure 2 confirms that the NHE1 promoter directs expression

of the reporter plasmids. Figure 2A illustrates that the GFP
protein is produced under the direction of the NHE1 promoter
in NIH3T3 cells. Mock transfected cells showed virtually no
fluorescence while the GFP transfected cells showed marked
expression of this protein. To test the β-Gal reporter construct

Fig. 1. Schematic diagram of the NHE1 promoter-reporter gene DNA
constructs used. (A) NHE1 promoter-β-Galactosidase reporter gene con-
struct. (B) NHE1 promoter – GFP reporter gene construct.

B

A

Fig. 2. Expression of the NHE1 promoter-reporter gene constructs in trans-
fected NIH3T3 cells. (A) Expression of the GFP reporter in NIH3T3 cells.
Cells were transiently transfected with 4 µg of GFP reporter (+GFP) and
grown on coverslips as described in Materials and methods. Photomicro-
graphs were taken using an Olympus BX50 fluorescent microscope with a
SPOT digital camera. (B) Expression of the β-Gal reporter in NIH3T3 cells.
Cells were transfected with 24 µg of NHE1-β-Gal reporter, 14 µg of SV-
40-β-Gal reporter or no DNA (Control). β-Galactosidase activity was then
determined and the control was set to a value of 1. (Results are shown in
grayscale.)

B

A
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we measured activity of the β-Gal enzyme in transfected cells.
Cells transfected with the NHE1 promoter directing expres-
sion of β-Gal showed a 10-fold greater enzyme activity com-
pared to background. By comparison, cells transfected with
β-Gal under control of the strong viral SV-40 promoter, showed
a much higher level of expression. These results were simi-
lar to those we demonstrated earlier which suggested that
relative to the viral promoters, the NHE1 promoter directs a
much lower level of transcription [17].

Having demonstrated the efficacy of the NHE1 promoter
constructs, we examined the production of the appropriate
reporters in transgenic mice harbouring the NHE1 promoter
reporter plasmids. We have earlier suggested that the expres-
sion from the Na+/H+ exchanger promoter was maximal in the
heart and liver of 12-day-old embryos [22]. We thus examined
Na+/H+ exchanger transcription levels in intact embryos of this
age from transgenic mice that contained the β-Gal reporter gene
driven by the Na+/H+ exchanger promoter. Figure 3 shows 12-

Fig. 3. Activation of the NHE1 promoter in 12-day-old embryos. (A–D) Activation of the NHE1 promoter in β-Gal-positive embryos. (A and B) Whole
embryos stained with X-Gal. Embryos were harvested, stained and cleared with methyl salicylate. Photomicrographs were with a Leica MonoZoom 7 light
microscope equipped with a Sanyo Hi-Resolution Color CCD camera. A – control embryo; B – β-Gal-positive transgenic. (C and D) Cross-section of X-Gal
stained embryos. C – control; D – β-Gal-positive transgenic. Whole X-Gal stained embryos were frozen in cryomatrix, cut in half using a cryostat and cleared
with methyl salicylate. Photomicrographs were obtained as with (A) and (B). H – heart; L – liver. (E and F) Activation of the NHE1 promoter in GFP-
positive embryos. Representative sections through the heart, liver and lung of control (E) and GFP-positive (F) mice showing relative fluorescence. H –
heart; L – liver; Lu – lung.
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day-old embryos stained with X-Gal to visualize the β-Gal
reporter. Figures 3A and 3B are control and β-Gal transgenic
whole embryos (respectively). There was clearly more stain-
ing of the β-Gal transgenic embryo in comparison to the con-
trol, though it was difficult to discern individual organs in the
whole embryos. To examine the individual organs that were
stained in more detail, we made cross sections of 12-day-old
β-Gal-positive and age-matched control embryos. In the cross-
sectional views there was significant blue staining in the heart
and liver of the β-Gal-positive animal compared to the con-
trol (Figs 3C and 3D). These results showed that the heart and
liver transcribe relatively high levels of the Na+/H+ exchanger
at this age in embryogenesis. Two independently made lines
of transgenic β-Gal-positive mice gave similar results, with
the heart and liver of the positive transgenics displaying more
β-Gal activity compared to the control.

To confirm these results, we repeated the experiment us-
ing intact embryos from transgenic mice with the Na+/H+ ex-
changer promoter driving expression of the GFP reporter. The
results are given in Figs 3E and 3F. The figure shows an en-
largement of the heart, liver and lung of control (Fig. 3E) and
GFP-positive (Fig. 3F) transgenic animals. The results are
typical of over 5 determinations from two different transgenic
mouse lines. GFP fluorescence was significantly greater in
the heart and liver compared to control animals. The fluores-
cence of the lung was not elevated over background. Thus,
it appears that NHE1 transcription is activated in both the

heart and liver at embryonic day 12, while it remains be-
low the level of detection in the lung and other tissues (not
shown). The results with the GFP reporter are similar to those
we have observed earlier [22]. We noted that the liver usu-
ally contained higher staining than the myocardium in both
the β-Gal-positive mice and the GFP reporter system. In the
β-Gal-positive mice we also sometimes noted significant
staining of the eye region, however this was not demonstrated
in the GFP reporter system (not shown) suggesting it might
be an artifact of the reporter system being used.

To examine the cells expressing the GFP protein in more
detail we examined a 100× magnification of the heart wall
(myocardium). We chose this region because it was found to
fluoresce brightly at lower magnifications. The photomicro-
graphs (Fig. 4) demonstrate that the GFP protein is expressed
in the cytosol as expected. Control tissue showed a greatly
reduced level of fluorescence. It was noted that a subset of
the cells had a higher level of transgene expression. Based
on their numbers, morphology and location, the GFP-express-
ing cells were cardiomyocytes, indicating that the Na+/H+

exchanger promoter was active in cardiomyocytes at this age.
To further understand the regulation of the Na+/H+ exchanger

expression in the developing mouse, we examined expression
of the Na+/H+ exchanger protein in tissues from 18-day-old
embryos that lacked the AP-2α transcription factor (homozy-
gote), contained only one copy of the AP-2α gene (hetero-
zygotes) or had both copies of the AP-2α gene (homozygote,
wild type). Figure 5A shows a Western blot of heterozygote
and wild type heart, lung, liver, kidney and brain from 18-day-
old embryos. In the heterozygotes, Na+/H+ exchanger protein
abundance is unaltered by the AP-2α gene disruption (Fig. 5A).
In contrast, brain tissue from an 18-day-old embryo homozygous
for the AP-2α knockout shows a surprisingly large (7–8-fold)
increase in Na+/H+ exchanger expression. The homozygous
AP-2α knockout embryo is severely deformed [24] thus only
the brain could be readily identified for this analysis. For this
experiment homozygote and wild type samples contained tis-
sues from 5 animals. Protein levels were normalized using
Ponceau S staining and immunoblotting of internal protein
standards after probing for the Na+/H+ exchanger.

The COUP-TF transcription factors have been shown to
be important in Na+/H+ exchanger expression in cultured cells
[20]. To examine the role that the COUP-TF transcription fac-
tors could have in expression of the Na+/H+ exchanger, we
used a similar approach to the AP-2α analysis described
above. Figure 5B shows the abundance of NHE1 protein in
the same tissues from wild type and COUP-TF1 knock out
mice at embryonic day 18. In all tissues studied, no major
changes in NHE1 protein expression occurred and there was
no evidence of major decreases in NHE1 expression in these
tissues. Slight variations in the molecular weight of NHE1
were likely caused by different degrees of glycosylation which
has been reported earlier [25]

B

Fig. 4. Activation of the NHE1 promoter in 12-day-old embryo hearts visu-
alized at high magnification. Images were obtained using a 100× Plan-
Apochromat objective on a Zeiss LSM 510 confocal microscope. Images
were assembled using Adobe Photoshop to illustrate a larger region of the
myocardium. Control sections were from a wild type 12-day-old embryo
and sections labeled GFP were from a GFP-positive transgenic mouse.
(Shown in grayscale.)

A
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Discussion

Because of the critical role the Na+/H+ exchanger plays in
development, differentiation and heart disease, regulation of
the Na+/H+ exchanger expression in the myocardium and other
tissues is of great importance. In this study, we used a number
of transgenic approaches to study the regulation of the Na+/
H+ exchanger in the intact mouse. In one approach, we made
a transgenic mouse with a 3.8 kb fragment of the Na+/H+ ex-
changer promoter driving expression of the β-Gal reporter.
This sensitive system was necessary to detect Na+/H+ ex-
changer transcription in the intact animal because the NHE1
promoter is relatively weak, as demonstrated in this (Fig. 2)
and our earlier study [17]. When we examined the levels of
promoter activity in whole mouse embryos, we found that
there was significant Na+/H+ exchanger transcription in the
heart and lung of 12-day-old embryos. This occurred with the
β-Gal reporter and with the GFP reporter system. We have
earlier demonstrated a similar result with the GFP reporter
system [22], and the present results confirm this finding us-
ing a novel β-Galactosidase reporter system.

To confirm that the transcription of the Na+/H+ exchanger
was occurring in cardiomyocytes, we examined sections of
the heart wall at higher magnification. The sections (Fig. 4)
confirmed that the GFP protein was found in the cytosol and
that expression was occurring in cardiomyocyte cells. From
these results it was clear that the early expression of the Na+/
H+ exchanger gene in the 12-day-old embryonic heart was
occurring predominantly in the developing cardiomyocyte.

Previous studies have characterized the NHE1 promoter
and have identified binding sites for numerous transcription
factors including AP-2 [17] and COUP-TF [20]. Dyck et al.
[17] demonstrated the importance of the AP-2 site for NHE1
transcription. In these studies, constructs containing truncated
versions of the NHE1 promoter were coupled to the luciferase
reporter gene and transfected into human hepatoma and mouse
fibroblast cell lines. It was found that deletion of the promoter
upstream of the AP-2 site resulted in a 25% reduction in re-
porter activity however removal of the same upstream region
plus the AP-2 site caused a 6-fold decrease in NHE1 transcrip-
tion. Similarly, the AP-2 binding site is important for NHE1
expression in P19 cells [9], and rat neonatal myocytes [19].
Because of the apparent importance of this transcription fac-
tor in intact cells, we examined the effect of deletion of this
gene on the amount of NHE1 protein in mice. In embryonic
day 18 mice, no difference in Na+/H+ exchanger protein
expression was detected in heart, lung, liver, kidney and brain
from animals heterozygous for the AP-2α deletion (Fig. 5A).
Interestingly, a marked increase in NHE1 protein expression
was demonstrated in the brain of an 18-day-old embryo ho-
mozygous for the AP-2 disruption (Fig. 5A). Due to the severe
deformity of the homozygous AP-2 knockouts, and the fact that
these animals die at birth, no other organs could be clearly
distinguished and it was not possible to obtain tissues from
older animals for analysis. Regardless, taken together, these
results provide some insight into the role of AP-2 in NHE1
transcription. Since NHE1 protein levels were similar in wild
type and heterozygote at the two ages examined, it may be the
transcription factor AP-2 activates expression of the NHE1
gene much earlier in embryonic development. Thus, by em-
bryonic day 18, one copy of the AP-2 gene was sufficient to
activate Na+/H+ exchanger expression to produce an appropri-
ate amount of protein. It is of note that the heterozygote mice
are relatively normal in growth and appearance [26] and ex-
hibit only some decreases in fertility and other minor physical
problems. It may be that the level of expression of AP-2 pro-
tein from the heterozygote may be similar to the wild type and
therefore Na+/H+ exchanger expression is not affected.

An alternative explanation for the results with the AP-2
heterozygote mice is that another member of the AP-2 tran-
scription factor family may be responsible for activation of
the NHE1 gene. To date, three proteins have been placed in
this family: AP-2α, AP-2β, and AP-2γ. Although they recog-
nise a common DNA binding sequence, members differ some-

A

Fig. 5. Analysis of NHE1 protein expression in mice lacking the transcrip-
tion factors AP-2α or COUP-TFI. (A) Western blot of NHE1 protein ex-
pression in the heart (H), lung (Lu), liver (Liv), kidney (K) and brain (B)
of wild type (wt), heterozygous AP-2α knockouts (+/–) and homozygous
AP-2α knockout (--) in 18-day-old embryos. (B) Western blot of NHE1 pro-
tein expression in 18-day-old embryos from wild type (wt) and homozygous
COUP-TFI knockout mice (–). Arrows indicate the position of the 105–110
kDa NHE1 protein.

B
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what in their expression patterns [26]. It may be that when
one member is knocked-out, other proteins from that family
are overexpressed. This may explain the abundance of Na+/
H+ exchanger protein observed in the brain of the 18-day-old
homozygote knockout mouse (Fig. 5A). In several cases com-
plete knockout or inactivation of one member of a gene fam-
ily has resulted in compensatory increase in other members
of a gene family [27, 28]. If there is a compensatory increase
by other members of the AP-2 family that are important in
NHE1 expression, this would explain the increase we saw in
the brain of these mice. In this regard it is of interest that in
gel mobility shift assays, purified AP-2α protein produces a
smaller shift than that seen with proteins derived from nu-
clear extracts [21]. Thus, it is plausible that NHE1 expres-
sion may be regulated by a different member of the AP-2
transcription factor in tandem or in combination with other
transcription factors that differ from the AP-2α isoform dis-
rupted in mice used in the present study.

We also examined NHE1 protein levels in various organs
from 18-day-old embryos of a COUP-TF1 knockout line. Our
earlier results have shown COUP-TFs are important in Na+/
H+ exchanger expression [20]. Figure 5B shows that there is
no difference in the quantity of NHE1 protein in organs from
animals lacking COUP-TF1 compared to wild type embryos.
Analogous to the discussion of the AP-2α knock-out results
above, it may be that COUP-TF1 acts on the NHE1 promoter
at a different stage of development or that another member
of the chicken ovalbumin upstream promoter family of tran-
scription factors is responsible for activation of the NHE1
promoter. In our earlier study [20], we found that COUP-TFII
was more effective in enhancing Na+/H+ exchanger expression
than COUP-TFI. This may mean that it is more significant in
regulating Na+/H+ exchanger transcription in intact animals
than COUP-TF1. Since deletion of COUP-TFII results in death
of embryos in utero, it was not possible to examine the effect
of COUP-TFII knockouts on Na+/H+ exchanger expression.

Our study has shown that expression of the NHE1 isoform
of the Na+/H+ exchanger is high in utero at embryonic day 12
in the heart and liver of the developing mouse fetus. Results
with the β-Gal reporter confirm those with the GFP reporter
system. We demonstrate that the transcription of the Na+/H+

exchanger is occurring in cardiomyocytes of the intact myo-
cardium. Deletion of the transcription factors AP-2α and COUP-
TFI did not affect Na+/H+ exchanger expression in the embry-
onic tissues examined. Further experiments are necessary to
understand regulation of expression in the intact embryo.
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