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Summary

Molecular species of the Na+-H+ exchanger
(NHE) and anion exchanger (AE) gene families
and their relative abundance in the human
airway regions were assessed utilizing RT-PCR
and the RNase protection assay, respectively.
Organ donor lung epithelia from various
bronchial regions (small, medium, and large
bronchi and trachea) were harvested for RNA
extraction. Gene-specific primers for the human
NHE and AE isoforms were utilized for RT-
PCR. Our results demonstrated that NHE1,
AE2, and brain AE3 isoforms were expressed
in all regions of the human airway, whereas
NHE2, NHE3, AE1, and cardiac AE3 were not
detected. RNase protection studies for NHE1
and AE2, utilizing glyceraldehyde-3-phosphate
dehydrogenase as an internal standard,
demonstrated that there were regional
differences in the NHE1 mRNA levels in
human airways. In contrast, the levels of AE2
mRNA remained unchanged. Differential
regional expression of NHE1 isoform may be
related to a higher acid load in the tracheal
epithelial cells than in epithelia of distal
airways. Fluctuations in PCO2 during
inspiration and expiration are probably larger in
the tracheal lumen than in the lumen of distal
airways with associated larger swings in
intracellular pH with each respiratory cycle.

Immunohistochemical staining for AE2 protein
demonstrated localization to the epithelial cells
of human bronchial mucosa.

Introduction

The polarized epithelia of the mammalian
tracheobronchial mucosa and of alveolar sacs
have various mechanisms involving
translocation of Na+ and Cl- across cell
membranes. These include electrogenic
processes, such as Na+ and Cl- channels [1, 2, 3,
4, 5], and electroneutral processes, such as Na+-
H+ exchange and Cl--HCO3

- exchange [2, 3, 6,
7, 8, 9, 10, 11, 12, 13, 14, 15]. These and other
mechanisms, such as electrogenic anion
exchangers [16, 17] play a vital role in the
regulation of intracellular pH and volume,
vectorial transport of these ions, and proton or
HCO3

- secretion in various fluids, such as
gastric, intestinal, exocrine pancreatic, and
renal tubular transport [17, 18, 19, 20, 21, 22].
Gene families for both the NHE [22, 23, 24, 25]
and AEs have been identified [26, 27, 28].
The NHE gene family has been shown to
include different isoforms (NHE1 to NHE6),
and NHE1, NHE2, and NHE3 isoforms are the
most characterized members of this gene family
[23, 25]. NHE1 is considered to be the
ubiquitous isoform localized to the basolateral
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membranes of the polarized epithelial cells and
is involved in housekeeping functions, whereas
NHE2 and NHE3 isoforms have been
considered to be the epithelial isoforms
localized to the apical membranes of the
polarized epithelial cells. NHE3 has been
shown to be an important apical isoform
involved in the vectorial Na+ transport in the
kidney and intestinal epithelium. The AE gene
family includes four structurally and
functionally related anion exchangers, AE1,
AE2, and AE3 [26] and AE4 [28]. The AE2
isoform has been suggested to be the epithelial
isoform, whereas AE1 has been suggested to be
erythroid and AE3 has been suggested to be a
neuronal homologue [19, 26, 27]. AE4 is
apically located in beta-intercalated cells of the
kidney [28].
In the respiratory system, several studies have
indicated the presence of Na+-H+ and Cl--
HCO3

- exchange activities in lung alveolar and
tracheal epithelia of various species [3, 6, 7, 8,
10, 11, 13, 15, 24]. In this report, we review the
molecular species of the NHE and AE gene
families and their relative abundance in the
human airway regions.

Methods

Details of methods were described previously
[29].

Harvesting of the Bronchial Epithelial Cells Ion
transport characteristics in a number of organs,
e.g., kidney and intestine, exhibit marked
regional variations, therefore, epithelial cells
were collected from various regions of the
human bronchial tree. Whole human lungs
collected from organ donors were packed on ice
and transported to the laboratory. The airway
lumen was opened longitudinally and rinsed
with Krebs bicarbonate solution. The mucosa
was then gently scraped with a scalpel, and
epithelial pellets from each bronchial region
were immediately placed in separate vials
containing chilled RNazol reagent. Bronchial

regions were designated broadly as large,
medium and small bronchi. The average age of
the donors was 45±0.2 years, and of the 19
donors, 14 were men and 5 were women.

RT-PCR and RNase Protection Assay Methods
The gene-specific PCR primer sets for the
human NHE1, NHE2, NHE3, AE1, AE2, bAE3
and cAE3 were designed to detect the isoform-
specific mRNA in the human airways. Human
NHE1, NHE2, NHE3, AE1, AE2, bAE3 and
cAE3 were retrieved from the GenBank CD-
ROM supplied with Gene Works software.
Human NHE2 primers were designed from the
cDNA sequence for this isoform cloned in our
laboratory [20].
Total RNA was extracted from the
tracheobronchial epithelial cells and used for
RT with gene-specific primers and Superscript
II RT enzyme utilizing the Superscript kit for
first-strand cDNA synthesis. The PCR reaction
was carried out using standard step-cycling
conditions with 30 cycles of amplification
utilizing Taq DNA polymerase. RT-PCR
products were separated by electophoresis.
Bands of expected sized were visualized under
ultraviolet light.
RT-PCR products cloned into pGEM vectors or
into PCRII vectors were sequenced with
universal primer and reverse sequencing
primer.
For quantitation of mRNA level, the RNase
protection assay was utilized due to its high
sensitivity and feasibility with small quantities
of RNA isolated from scraped cells of even
distal airways. The RNase protection assay was
performed as previously described [30].

Immunohistochemistry For detection of AE2, a
sample slide as well as a negative control slide
were deparaffinized, hydrated (EtOH) and then
permeabilized with Triton. Endogenous
peroxidases were blocked with 3% H2O2 in
method and then 1% SDS was applied to each
slide. The AE2 antibody was applied to the
sample slide in a 1:100 dilution (were non-
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immune serum was used on the negative
control). Staining was performed with the
DAKO LSAB 2 Kit. Detection was performed
with a very small amount of DAB (3,3'-
Diaminobenzidine tetrahydrochloride) applied
briefly to the slides. Finally, Gill's hematoxylin
was added, slides were dehydrated and then
permanently fixed with permount.

Results

NHE1 isoform was expressed in all the regions
of the human airways, whereas NHE2 and
NHE3 were not detected. RNase protection
studies for NHE1 utilizing glyceraldehyde 3-
phosphate dehydrogenase as an internal
standard, demonstrated that there were regional
differences in the NHE1 mRNA levels in the
human airways. NHE1 mRNA levels were
significantly higher in the trachea compared
with those in the distal bronchial regions
(P<0.05). NHE1 mRNA levels were the highest
in the trachea and progressively decreased from
large, to medium, and small bronchi (Figure 1).
To detect AE isoforms in the human
tracheobronchial tree, we used gene specific
primers for human AE isoforms. We detected
AE2 and brain-AE3 isoforms, but we did not
detect AE1 or cardiac-AE3 isoforms. The levels
of AE2 mRNA were similar in large as well as
small bronchi.
Immunohistochemistry analysis indicated
staining for AE2 in the bronchial epithelial cells
only, no staining was detected in non-epithelial
cells. Membrane localization and detailed
functional roles of the AE2 and brain-AE3
isoforms expressed in the human airways
remain to be defined.

Discussion

Our data demonstrates the detection of NHE1,
AE2 and bAE3 along various regions of the
human airways. Additionally, we demonstrated
the regional variation in the expression of the
NHE1 mRNA in the human airways. The

NHE1 isoform, which is usually expressed in
the basolateral membrane domain has
previously been suggested to be involved in a
number of ‘housekeeping’ functions, including
maintenance of intracellular pH and regulation
of cell volume and cell proliferation [8, 14, 23,
25].
We detected a progressive increase in NHE1
and mRNA expression as airways branching
system converged from lung peripheral to
proximal airways. This suggests that proximal
airways, exemplified by the tracheal
epithelium, are subjected to a higher acid load
than the epithelia of peripheral airways. Such
increased acid load could conceivably result
from periodic swings in intracellular pH due to
large fluxes of CO2 across the epithelial cell
membrane associated with the respiratory cycle.
The inspired air contains miniscule amount of

Figure 1. Relative abundance of NHE1 and AE2 at
various regions in the mucosa of the human conducting
airways. Relative abundance of NHE1 (top) and AE2
(bottom) was determined by calculating the ratio of their
density to the density of GAPDH (the internal standard
glyceraldehyde-3-phosphate dehydrogenase). Values
represent the mean+SEM of 3-5 independent samples
from 3-5 organ donors normalized to GAPDH.
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CO2, whereas the expired air has high pCO2. It
is feasible that distal airways by virtue of their
proximity to the CO2-rich alveoli are subjected
to minor swings in luminal pCO2, whereas the
tracheal epithelium is exposed to much larger
variations in luminal pCO2, resulting in rapid
and large changes in intracellular pCO2 and
hence pH with each respiratory cycle.
We did not detect NHE2 and NHE3 isoforms
which are usually localized to the apical
membrane of polarized epithelia [15, 29, 35].
The absence of both of these putative apical
membrane isoforms, NHE2 and NHE3, in the
human proximal and distal airways suggests
that the neutral NaCl absorptive process
(involving dual ion exchange of Na+-H+ and Cl-

-HCO3
-) may be absent in the luminal

membranes of the human airway epithelial
cells. Further studies are required to confirm
this conclusion because other NHE isoforms
that we did not investigate such as NHE4 and
NHE5 may be localized to luminal membranes
of airways.
Recent studies have suggested a role for anion
exchangers in the transport of sulfate and Cl- in
sheep trachea and human bronchial cells [2].
There is also evidence for the presence of a Cl--
HCO3

- exchange activity in equine trachea [3]
and a Cl--HCO3

- exchange process (Na+-
independent) in the rat type II alveolar
epithelial cells [11]. This activity was shown to
be localized to the basolateral side of the
alveolar epithelial cells [9]. Basolateral
localization AE2 polypeptide has also been
shown in choroid plexus epithelium and gastric
parietal cells and in the human and rat kidney
[26], as well as the basolateral membrane of the
epithelial cells of the human small intestine and
colon [31].
Differential expression of the NHE1 isoform
and the uniform distribution of AE2 and brain-
AE3 isoforms in the human airways may have
functional significance related to The pH or
ionic composition of airway surface liquid [1,
5, 32]. An acidic mucus pH increases mucus
viscosity [33] and may thus interfere with the

efficiency of the mucociliary apparatus,
whereas an alkaline pH may enhance bacterial
adherence to epithelial cells [34]. At the
alveolar level, regulation of lamellar bodies pH
by Na+-H+ exchange and H+-ATPase may
affect surfactant secretion or metabolism [35].
Further studies of the functional roles of these
ion exchangers would be important to better
understand the physiology of the alveolar and
airway absorption and secretion.

Key words Bicarbonates; Chlorides; Cystic
Fibrosis; Respiratory Mucosa; Sodium-
Hydrogen Antiporter

Abbreviations  AE: anion exchanger; NHE:
Na+-H+ exchanger; RT-PCR: reverse-
transcription polymerase chain reaction

Correspondence
Faiq J Al- Bazzaz, M.D.
Department of Medicine
University of Illinois at Chicago
VA Chicago Health Care System
West Side Division
Street 820 S. Damen Ave. (MP 111)
Chicago, IL 60612
USA
Phone: +1-312-569.6180
Fax: +1-312-569.8123
E-mail address: faiq.al-bazzaz@med.va.gov

References

1. Boucher RC. Human airways ion transport. Am J
Respir Crit Care Med 1994; 150:581-93.

2. Steel DM, Graham A, Geddes DM, Elton EW.
Characterization and comparison of ion transport across
sheep and human airway epithelium. Epithelial Cell Biol
1994; 3:24-31. [94251283]

3. Tessier GJ, Traynor TR, Kannan MS, O’Grady MS.
Mechanisms of sodium and chloride transport across
equine tracheal epithelium. Am J Physiol 1990;
259:L459-67. [91083014]



JOP. J. Pancreas (Online) 2001; 2(4 Suppl):285-290.

JOP. Journal of the Pancreas – http://www.joplink.net – Vol.2, No.4 Suppl. – July 2001 289

4. Welsh MJ. Electrolyte transport by airway epithelia.
Physiol Rev 1987; 67:1143-64.

5. Widdicombe JH, Widdicombe JG. Regulation of
human airway surface liquid. Respir Physiol 1995; 99:3-
12. [95258685]

6. Acevedo M, Steele LW. Na+-H+ exchanger in
isolated epithelial tracheal cells from sheep. Exp Physiol
1993; 78:383-94. [93319769]

7. Loffing J, Moyer BD, Reynolds D, Shmukler BE,
Alper SL, Stanton BA. Functional and molecular
characterization of an anion exchanger in airway serous
epithelial cells. Am J Physiol Cell Physiol 2000;
279:C1016-23. [20459429]

8. Lubman RL, Crandall ED. Polarized distribution of
Na+-H+ antiport activity in rat alveolar epithelial cells.
Am J Physiol 1994; 266:L138-47. [94189746]

9. Lubman RL, Danto SI, Chao DC, Fricks CE,
Crandall ED. Cl--HCO-

3 Exchanger isoform AE-2 is
restricted to the basolateral surface of alveolar epithelial
cell monolayers. Am J Respir Cell Mol Biol 1995;
12:211-9. [95169395]

10. Nord EP, Brown SES, Crandall ED. Characterization
of Na+-H+ antiport in type II alveolar epithelial cells. Am
J Physiol 1987; 252:C490-8. [87210549]

11. Nord EP, Brown SES, Crandall ED. Cl-/HCO3
-

exchange modulates intracellular pH in rat type II
alveolar epithelial cells. J Biol Chem 1988; 263:5599-
606. [88186871]

12. Nozik-Grayck E, Plantadosi CA, Adelsberg JV,
Alper SL, Huang YT. Protection of perfused lung from
oxidant injury by inhibition of anion exchange. Am J
Physiol 1997; 273:L296-304. [97423498]

13. Paradiso AM. Identification of Na+-H+ exchange in
human normal and cystic fibrosis ciliated airway
epithelium. Am J Physiol 1992; 262:L757-64.
[92312754]

14. Paradiso AM. ATP-activated basolateral Na+/H+

exchange in human normal and cystic fibrosis airway
epithelium. Am J Physiol 1997; 273:L148-58.
[97396361]

15. Smith JJ, Welsh MJ. cAMP stimulates bicarbonate
secretion across normal, but not cystic fibrosis airway
epithelia. J Clin Invest 1992; 89:1148-53. [92210710]

16. Chen Y, Cann MJ, Litvin TN, Iourgenko V, Sinclair
ML, Levin LR, Buck J. Soluble adenylyl cyclase as an
evoluntionarily conserved bicarbonate sensor. Science
2000; 289:625-8. [20377903]

17. Romero MF, Hediger MA, Boulpaep EL, Boron WF.
Expression cloning and characterization of a renal

electrogenic Na+/HCO3
- cotransporter. Nature 1997;

387:409-13. [97305959]

18. Beauwens R, Al-Awqati Q. Active H+ transport in
the turtle urinary bladder. Coupling of transport to
glucose oxidation. J Gen Physiol 1976; 68:421-39.
[77052960]

19. Chow A., Dobbins JW, Aronson PS, Igarashi P.
cDNA cloning and localization of a band 3 related
protein from ileum. Am J Physiol 1992; 263:G345-52.
[93035730]

20. Malakooti J, Dahdal RY, Schmidt L, Layden TJ,
Dudeja PK, Ramaswamy K. Molecular cloning, tissue
distribution, and functional expression of the human
Na+/H+ exchanger NHE2. Am J Physiol 1999; 227:G383-
90. [99375108]

21. Roussa E, Romero MF, Schmidt BM, Boron WF,
Alper SL, Thevenod F. Immunolocalization of anion
exchanger AE2 and Na+-HCO3

- cotransporter in rat
parotid and submandibular glands. Am J Physiol 1999;
277:G1288-96. [20068541]

22. Szabo EZ, Numata M, Shull GE, Orlowski J. Kinetic
and pharmacological properties of human brain Na+/H+

exchanger isoform 5 stably expressed in Chinese hamster
ovary cells. J Biol Chem 2000; 275:6302-7. [20158939]

23. Tse M, Levine S, Yun C, Brant S, Counillon LT,
Pouyssegur J, Donowitz M. Structure/function studies of
the epithelial isoforms of the mammalian Na+/H+

exchanger gene family. J Membr Biol 1993; 135:93-108.

24. Voilley N, Lingueglia E, Champigny G, Mattie MG,
Waldmann R, Lazdunski M, Barbary P. The lung
amiloride-sensitive Na+ channel biophysical properties,
pharmacology, ontogenesis, and molecular cloning. Proc
Natl Acad Sci USA 1993; 91:247-51. [94105144]

25. Yun CH, Tso CM, Nath S, Levina SL, Donowitz M.
Structure/function studies of mammalian Na+-H+

exchangers — an update. J Physiol 1995; 482:18-68.
[95248462]

26. Alper SL. The band 3-related AE anion exchanger
gene family. Cell Physiol Biochem 1994; 4:265-81.

27. Kopito RR. Molecular biology of the anion
exchanger gene family. Int Rev Cytol 1990; 123:177-99.
[91147304]

28. Tsuganezawa H, Kobayashi K, Iyori M, Araki T,
Koizumi A, Watanabe SI, et al. A new member of the
HCO3

- transporter superfamily is an apical anion
exchanger of beta-intercalated cells in the kidney. J Biol
Chem 2001; 276:8180-9. [PMID 11102437]

29. Dudeja PK, Hafez N, Tyagi S, Gailey GA,
Toofanfard M, Alrefai WA, et al. Expression of the



JOP. J. Pancreas (Online) 2001; 2(4 Suppl):285-290.

JOP. Journal of the Pancreas – http://www.joplink.net – Vol.2, No.4 Suppl. – July 2001 290

Na+/H+ and Cl-/HCO3- exchanger isoforms in proximal
and distal human airways. Am J Physiol 1999 276:L971-
8. [99292444]

30. Sambrook J, Fritsch E, Maniatis T. Quantitation of
DNA and RNA. In: Ford N, Nolan C, Ferguson M, eds.
Molecular Cloning. A Laboratory Manual. Cold Spring
Harbor, NY: Cold Spring Harbor Laboratory Press, 1989:
E.5 (Appendix).

31. Alrefai WA, Tyagi S, Nazir TM, Barakat J, Anwar
SS, Hadjiagapiou C, et al. Human intestinal anion
exchanger isoforms: expression, distribution, and
membrane localization. Biochim Biophys Acta
2001;1511:17-27. [21145097]

32. Kyle H, Ward JP, Widdicombe JG. Control of pH of
airway surface liquid of the ferret trachea in vitro. J Appl
Physiol 1990; 68:135-40. [90186531]

33. Bhasker KR, Gong DH, Bansil R, Pajevic S,
Hamilton JA, Turner BS, LaMont JT. Profound increase
in viscosity and aggregation of pig gastric mucus at low
pH. Am J Physiol 1991; 261:G827-32. [92059468]

34. Palmer LB, Merrill WW, Niederman MS, Ferranti
RD, Reynolds HY. Bacterial adherence to respiratory
tract cells. Relationships between in vivo and in vitro pH
and bacterial attachment. Am Rev Respir Dis 1986;
133:784-8. [86213366]

35. Wadsworth SJ, Spitzer AR, Chander A. Ionic
regulation of proton chemical (pH) and electrical
gradients in lung lamellar bodies. Am J Physiol 1997;
273:L427-36, 1997. [97423514]


