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Abstract

Erythrocyte sodium hydrogen exchanger (NHE) represents one of a limited number of sodium entry pathway in
erythrocytes. At least five NHE isoforms have been identified, differing in tissue specificity, regulatory characteristics, and
pharmacological sensitivities. Although physiological characteristics of erythrocyte NHE suggest that the widely expressed
NHE-1 isoform may be present, evidence is not conclusive and does not exclude the existence of other isoforms. In this study,
Northern blot and reverse transcription^polymerase chain reaction (RT^PCR) analyses were used to test for five NHE
isoforms in erythroid cells. Blood from patients with sickle cell disease was depleted of white blood cells (WBC) by passage
through leukocyte filters and cellulose column. RT^PCR performed on WBC depleted reticulocyte RNA using a NHE-1
primer set yielded product a of expected size, the sequence of which was identical to the published human NHE-1 sequence.
Northern blot analysis of the reticulocyte RNA using a 1.6 kb probe revealed a message of approximately 5.0 kb in size. RT^
PCR analysis of rat kidney RNA using primers specific for NHE isoforms -2, -3, -4 and rat brain RNA using primer specific
for NHE-5 isoform yielded products of expected size, whereas WBC depleted RNA under identical conditions yielded no
products. These results identify the erythroid isoform of the sodium^hydrogen exchanger as NHE-1. 0005-2736 / 98 / $ ^
see front matter ß 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

The sodium^hydrogen exchanger (NHE) exists in
the plasma membrane of a variety of cells and is
primarily involved in the regulation of intracellular
pH and cell volume [1^3]. This electroneutral anti-
porter is inhibited by micromolar concentrations of

amiloride [4,5,28]. To date ¢ve NHE isoforms have
been cloned from various tissues [6^9]. NHE-1 is
ubiquitously expressed [2,10], whereas NHE-2 iso-
form is expressed in small intestine, colon and stom-
ach, with lower levels of expression in kidney, brain
and skeletal muscle [7,11]. NHE-3 isoform is present
in kidney, small intestines, testes, ovary, colon and
brain but is absent in heart, lungs, liver and skeletal
muscle [6,8,12]. NHE-4 isoform is also expressed in
stomach [6] and some regions of the brain [32]
whereas NHE-5 is present in brain, spleen and testis
and is absent in kidneys [9]. Four of the ¢ve NHE
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isoforms (NHE-1, -2, -3 and -4) are present in kidney
to varying degrees [7,11].

Activity of the NHE can be measured in erythro-
cytes [14,16], and may be involved in cell volume
regulation in response to osmotic changes [13^15].
Increase in NHE activity is observed in normal
young erythrocytes (reticulocytes) as well as sickle
erythrocytes [17]. Human erythrocyte NHE activity
is modulated by intracellular calcium, protein kinase
C and insulin [27,28]. It has been suggested that the
erythrocyte NHE is involved in counteracting the
reduction of cell volume elicited by activation of
the KCl cotransporter [17]. In dog erythrocytes, the
swelling activated potassium^chloride cotransporter
and shrinkage-activated NHE appear to be recipro-
cally regulated by changes in cell volume [16]. This
may particularly be important in context of sickle
cell disease, wherein increased KCl cotransporter ac-
tivity in sickle erythrocyte contributes to cation de-
pletion and cellular dehydration, which contributes
to the process of erythrocyte sickling [18].

Several lines of evidence suggests the presence of
the widely expressed NHE-1 isoform in erythrocytes.
The dose^response curve of amiloride inhibition of
red blood cell (RBC) NHE activity is compatible
with that of NHE-1 [28] but is not conclusive. This
is due to the fact that amiloride is relatively non-
speci¢c in its ability to inhibit the activities of the
various NHE isoforms. NHE activity in erythrocytes
is modulated by intracellular calcium [29], and insu-
lin and insulin-like growth factors [27]. These char-
acteritics are consistent with, but not speci¢c for, the
NHE-1 isoform [30,31]. A polyclonal antibody to a
synthetic peptide corresponding to putative NHE-1
external and cytosolic domains recognizes a protein
in RBC membranes of the appropriate size [19],
although the peptide contained sequences found in
other NHE isoforms. Finally, Northern blot analysis
of murine erythroleukemia cells reveals an RNA spe-
cies speci¢c for NHE-1 [20]. Although these studies
are consistent with the presence of NHE-1 in the
human erythrocyte, proof is lacking and the possibil-
ity that other isoforms might be present has not been
excluded. To resolve these issues, the present study
was designed to identify the erythrocyte NHE iso-
form by reverse transcription^polymerase chain reac-
tion (RT^PCR) with NHE isoform-speci¢c primers
and by Northern blot analysis.

2. Materials and methods

2.1. Preparation of white blood cells (WBC)-depleted
erythrocytes

Blood with high reticulocyte content was collected
from otherwise healthy patients with sickle cell dis-
ease, after informed consent. Whole blood (approx-
imately 60^80 ml) was centrifuged at 80Ug in a
swinging bucket Beckman GPR centrifuge for 15
min. The plasma was aspirated and remaining blood
centrifuged at 3000 rpm for an additional 4 min.
Residual plasma was aspirated along with the bu¡y
coat and the pellet resuspended in ice-cold HBS (140
mM NaCl, 20 mM Hepes, 0.1 mM EDTA, 10 mM
glucose; pH 7.4). The blood suspension was passed
through a high e¤ciency leukocyte removal ¢lter
(RCXL1 Filter, Pall Biomedical, Fajardo, PR) to
remove WBC from the suspension. The blood was
depleted further of WBCs by passing it through two
columns in series, each containing a total of 4 g of a
mixture of microcrystalline cellulose and K-cellulose
(Sigma, St. Louis, MO) in a ratio of 3:1, respectively
[21]. The entire suspension (the ¢ltrate) was passed
through the RCXL1 ¢lter and cellulose column one
more time. The blood ¢ltrate thus obtained was cen-
trifuged at 3000 rpm for 3 min, washed twice with
ice-cold HBS and the erythrocyte pellet was used
immediately for isolation of total RNA.

2.2. RNA isolation

Total RNA was isolated from blood and rat kid-
ney by modi¢cation of the one-step procedure of
Chomczynski and Sacchi [22] using TRI Reagent
BD and Trizol reagent, respectively. RNA obtained
from whole blood has been abbreviated as WB
RNA, WBC-depleted ¢ltered blood has been desig-
nated FB RNA, RK and RB RNA from rat kidney
and rat brain, respectively.

2.3. Reverse transcription and polymerase chain
reaction (RT^PCR)

cDNA was synthesized from total RNA using 200
U of SuperScript RNase H3 Reverse Transcriptase
II (Gibco). Each 20 ml reaction mixture contained
5 mM MgCl2, 1UPCR bu¡er, 1 mM each deoxy-
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ribonucleotide, 2 U of ribonuclease (RNase) inhibi-
tor and 2.5 WM Oligo(dT) 12^18 primer. Reverse
transcription was carried out at 42³C for 30 min in
a Perkin Elmer thermal recycler unless otherwise
speci¢ed. PCR was performed (100 ml mixture con-
taining 2 mM MgCl2, 1UPCR bu¡er, 1 mM each
deoxyribonucleotide, 20 mM each of forward and
reverse primers and 2.5 U of Taq polymerase;
95³C, 1 min; 60³C, 1 min; 72³C, 2 min; 72³C,
15 min extension) using NHE isoform-speci¢c prim-
ers. The nucleotide positions and expected product
sizes are described in Table 1. PCR products were
analyzed by size fractionation on a 2% agarose gel
stained with ethidium bromide. The reaction mix-
tures and experimental conditions used in RT^PCR
for the WBC-speci¢c marker HLA-DQK on WB
RNA and FB RNA are the same as described above.

2.4. Subcloning and sequence analysis of PCR
amplicons

PCR products were ethanol precipitated, resus-
pended and size fractionated on a 2% agarose gel
stained with ethidium bromide. The PCR product
of appropriate size obtained from FB RNA, corre-
sponding to the expected size of the NHE-1 PCR
product, was cut out of the agarose gel, eluted and
ethanol-precipitated. The DNA was resuspended and
subcloned into an EcoRI site of pCR2.1 vector using
the Original TA Cloning kit (Invitrogen, San Diego,
CA) according to manufacturer's protocol. After
con¢rmation of the presence of the insert by restric-
tion enzyme digestion and agarose gel electrophore-

sis, the insert was sequenced by automated sequenc-
ing at the University of Cincinnati Medical Center
DNA Core facility. The sequence obtained was com-
pared for similarity to the NHE isoforms in the Gen-
Bank database using BLAST software.

2.5. Gel electrophoresis and Northern blot analysis

Twenty Wg of total RNA was denatured with
formaldehyde, size fractionated by electrophoresis
through a 1.2% agarose gels, and transferred onto
a nylon membrane [23]. RNA was ¢xed on the mem-
brane by UV crosslinking using a Stratagene Strata-
linker 1800. RNA size markers (0.24^9.5 kb ladder,
Gibco BRL, Gaithersburg, MD) were visualized with
UV light after staining with ethidium bromide. Mem-
branes were prehybridized overnight at 42³C in a
prehybridizing solution containing 50% formamide,
5USSPE, 5UDenhardt's solution, 0.1% SDS and
200 Wg/ml of denatured salmon sperm DNA. Hybrid-
ization was carried out for 24 h in 50% formamide,
5USSPE, 2UDenhardt's solution, 0.1% SDS and
100 Wg/ml of denatured salmon sperm DNA. The
rat NHE-1-speci¢c cDNA restriction endonuclease
fragment, a PstI^PstI fragment (nucleotides 478^
1850) [24]. This NHE-1 isoform-speci¢c cDNA re-
striction endonuclease fragment was radiolabeled
(approximately 2U106 cpm/ml) and was added to
the hybridization solution. The cDNA was radiola-
beled with [K-32P]dCTP using High Prime DNA La-
beling kit according to the manufacturer's instruc-
tions. The blots were washed at room temperature
twice for 30 min in 2USSC, 0.5% SDS and once for

Table 1
Sodium/hydrogen exchanger primer positions and product sizes

Isoform 5P (Sense) primer (5P^3P) 3P (Antisense) primer (5P^3P) Nucleotides Product size Reference

NHE-1 CAAGAGACGAAGCGCTCCAT-
CAACG

ATCTGGTTCCAGGCTTCCTCG-
TAGG

1943^2406 463 bp [6]

NHE-2 AGCTTCCCGAGAAGTTGC TCGCACCAACCTTGGTGG 2213^2576 363 bp [7]
NHE-3 ACAAGAAGGCAGCCAAGC TTGGGAATCTGGACACG 2104^2458 354 bp [6]
NHE-4 AGCCGTGGAATCCATGC CCTCAAGGTGTTCTGGC 2228^2376 148 bp [6]
NHE-5 AACATCTCTGGTCCCTGAG CCTAGGGGCTACAAGTC-

CAGCCTGC
23^411 388 bp [9]

HLA-DQK GCTCTGATGCTGGGGTCCC GGGCCCTTGGTGTCTGGAA 16^759 743 bp [25]

Description of the nucleotide sequences and positions of the NHE isoform-speci¢c 5P primer (sense) and 3P primer (antisense) sets
used for RT^PCR analysis of the rat kidney, rat brain and ¢ltered blood RNA for NHE isoforms and HLA-DQK. Corresponding to
each of the primer sets, the ¢gure listed under product size is the size of the expected nucleotide fragment for each NHE isoform.
The sequences for the isoform-speci¢c primers were obtained from literature cited (right column).
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30 min in 0.1USSC, 0.5% SDS. The blots were then
examined by autoradiography.

3. Results and discussion

The identi¢cation of the erythroid NHE isoform
by use of molecular biology techniques depends on
the preparation of puri¢ed reticulocytes from whole
blood free of mRNA species derived from WBC
source. Blood with high reticulocyte counts from
sickle cell patients was obtained and WBC were elim-
inated by use of a combination of high-e¤ciency
leukocyte ¢lters and cellulose columns. Reticulocyte
preparations was tested for the presence of WBC by
RT^PCR analysis using primers speci¢c for the
HLA-DQK cDNA. This gene is expressed only in
WBC and not in erythroid cells [25], and is a sensi-
tive marker for determination of leukocyte derived

RNA contamination of reticulocyte preparations.
Fig. 1 illustrates that the HLA-DQK mRNA was
detected as a PCR product of expected size in whole
blood preparations (WB RNA) containing WBC, but
is absent in puri¢ed reticulocyte preparations (FB
RNA), demonstrating that FB RNA was free of
RNA from white blood cells. Sequence analysis of
bands observed in lane marked FB RNA were
PCR products, the sequences of which were unre-
lated to HLA-DQK (Fig. 1). Both WB and FB
RNA showed the presence of a RT^PCR product
of the expected size for hemoglobin (Fig. 2).

Table 1 lists the nucleotide sequences, positions of
isoform-speci¢c PCR primers and expected product
size of various NHE isoforms. Electrophoretic anal-
ysis of the RT^PCR amplicon for FB RNA and RK
RNA using NHE-1-speci¢c primers is shown in Fig.
3. A product of expected size (463 bp) is identi¢ed in
rat kidney, where this isoform is known to be ex-
pressed. A product of similar size is also identi¢ed
in reticulocyte RNA (FB RNA). The 463 bp product
obtained from FB RNA was subcloned and se-
quenced and found to be identical to expected

Fig. 1. RT^PCR analysis of whole blood and ¢ltered blood
RNA for HLA-DQK expression to verify complete removal of
white blood cell in ¢ltered blood preparations. PCR products
were analyzed by size fractionation on 2% agarose gel by ethi-
dium bromide staining. A band of expected size (947 bp) for
HLA-DQK is present in lane containing whole blood (WB
RNA) and is absent in ¢ltered blood (FB RNA). The extreme
right lane is the 0.1 kb DNA size marker, the values corre-
sponding to the expected size of the DNA fragment.

Fig. 2. RT^PCR analysis of ¢ltered and whole blood for hemo-
globin: RT^PCR was carried out as described in Section 2.
PCR product of expected size (110 bp) for hemoglobin is ob-
tained from both whole (WB RNA) and ¢ltered (FB RNA)
blood.
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NHE-1 sequence [26]. Northern blot analysis of total
RNA isolated from reticulocytes and rat kidney is
shown in Fig. 4. The probe was a 1.6 kb fragment
of NHE-1 [24], and recognized an approximately 5.0
kb species in both RK and FB RNA preparations,
consistent with published reports of NHE-1 tran-
script size [6]. Thus, by both RT^PCR and Northern
analysis, the presence of mRNA for NHE-1 is de-
monstrable in reticulocytes, indicating the expression
of this isoform in erythroid cells.

To determine the expression of other NHE iso-
forms in reticulocytes, FB RNA was used for RT^
PCR in presence of isoform-speci¢c primers listed in
Table 1, with RK and RB RNA as positive controls.
While RK RNA yielded PCR products of the ex-
pected size for NHE isoforms -2, -3 and -4, no prod-
ucts were obtained from FB RNA (Fig. 5). Likewise,
RT PCR with NHE-5 primers yielded the expected
450 bp product with RB RNA, but not with FB
RNA (Fig. 6).

Fig. 3. RT^PCR analysis of ¢ltered blood for presence of
NHE-1 isoform. Ethidium bromide staining RT^PCR products
size fractionated on 2% agarose gel revealed a 463 bp product
from ¢ltered blood (FB RNA). A 463 bp PCR product is also
seen in rat kidney (RK) RNA used as a positive control. Nu-
cleotide sequences of PCR products corresponding to approxi-
mately 120 bp and 220 bp FB RNA were unrelated to sodium^
hydrogen exchanger and did not contain primer sequences.

Fig. 4. Northern blot analysis of whole blood (WB), ¢ltered
blood (FB) and rat kidney (RK) RNA for NHE-1 using iso-
form-speci¢c probe. The top panel is a 72-h exposure of autora-
diograph describing message for NHE-1 approximately 5.0 kb
in size. The blot was stripped and probed for L-actin as positive
control. The bottom panel is an autoradiograph showing mes-
sage for L-actin after overnight exposure.

Fig. 5. RT^PCR analysis of ¢ltered blood RNA to determine
the presence of other NHE isoforms using primers speci¢c for
NHE-2, NHE-3 and NHE-4, respectively. Lanes 2, 4 and 6 cor-
respond to RT^PCR products of expected sizes for NHE-2,
NHE-3 and NHE-4 for rat kidney RNA used as positive con-
trol. No corresponding products are seen in lanes 3, 5 and 7
for ¢ltered blood RNA.
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We conclude that reticulocytes express NHE-1,
without evidence for expression of other known
NHE isoforms. The conclusions are based on the
evidence from the experiments designed speci¢cally
to detect the presence of various NHE isoform-spe-
ci¢c mRNA expression in the reticulocytes. It is pos-
sible that other isoforms of the sodium^hydrogen ex-
changer are expressed earlier during the erythroid
di¡erentiation. The results presented in this study
do not exclude the possibility that erythroid cells
could express other NHE isoforms that have not
yet been identi¢ed. However, the expression of
NHE-1 in the later stages of di¡erentiation, along
with the indirect data that the physiological charac-
teristics of the sodium^hydrogen exchanger activity
in red blood cells are consistent with NHE-1,
strongly suggest that NHE-1 is the functionally dom-
inant isoform in human erythrocytes.
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