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Mechanisms of neuronal chloride accumulation in intact
mouse olfactory epithelium

William T. Nickell, Nancy K. Kleene and Steven J. Kleene

Department of Cell and Cancer Biology, University of Cincinnati, Cincinnati, OH 45267, USA

When olfactory receptor neurons respond to odours, a depolarizing Cl− efflux is a substantial part

of the response. This requires that the resting neuron accumulate Cl− against an electrochemical

gradient. In isolated olfactory receptor neurons, the Na+–K+–2Cl− cotransporter NKCC1 is

essential for Cl− accumulation. However, in intact epithelium, a robust electrical olfactory

response persists in mice lacking NKCC1. This response is largely due to a neuronal Cl− efflux. It

thus appears that NKCC1 is an important part of a more complex system of Cl− accumulation. To

identify the remaining transport proteins, we first screened by RT-PCR for 21 Cl− transporters in

mouse nasal tissue containing olfactory mucosa. For most of the Cl− transporters, the presence

of mRNA was demonstrated. We also investigated the effects of pharmacological block or genetic

ablation of Cl− transporters on the olfactory field potential, the electroolfactogram (EOG). Mice

lacking the common Cl−/HCO3
− exchanger AE2 had normal EOGs. Block of NKCC cotransport

with bumetanide reduced the EOG in epithelia from wild-type mice but had no effect in mice

lacking NKCC1. Hydrochlorothiazide, a blocker of the Na+–Cl− cotransporter, had only a small

effect. DIDS, a blocker of some KCC cotransporters and Cl−/HCO3
− exchangers, reduced the

EOG in epithelia from both wild-type and NKCC1 knockout mice. A combination of bumetanide

and DIDS decreased the response more than either drug alone. However, no combination of drugs

completely abolished the Cl− component of the response. These results support the involvement

of both NKCC1 and one or more DIDS-sensitive transporters in Cl− accumulation in olfactory

receptor neurons.
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In most vertebrates, transduction of an odour stimulus
into a receptor current occurs on the cilia of the
olfactory receptor neurons (ORNs) (Schild & Restrepo,
1998; Frings, 2001). A Ca2+-activated Cl− current plays
a central role in this transduction. Binding of an
odourant to the ciliary membrane of an ORN activates
a G-protein-coupled cascade that activates an adenylate
cyclase (Schild & Restrepo, 1998; Frings, 2001). The cAMP
produced gates the first of two transducing channels, the
cyclic-nucleotide-gated (CNG) channels (Nakamura &
Gold, 1987). Ca2+ entering through the CNG channels
then gates the second of the transducing channels, the
Ca2+-activated Cl− channels (Kurahashi & Yau, 1993;
Kleene, 1993; Lowe & Gold, 1993). In isolated mouse
ORNs, the resulting Cl− current accounts for about 90%
of the transduction current (Boccaccio & Menini, 2007).
This Cl− current is conserved throughout the vertebrates
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(Schild & Restrepo, 1998) and serves to amplify the
olfactory response (Kurahashi & Yau, 1993; Kleene, 1993;
Lowe & Gold, 1993). It may also insulate the olfactory
response against changes in the environment of the
transduction apparatus, which necessarily contacts the
external world (Kleene & Pun, 1996).

In isolated ORNs held at resting potential, the Cl−

current is usually inward (Kurahashi & Yau, 1993;
Zhainazarov & Ache, 1995) and thus tends to depolarize
the neuron. This requires that the resting neuron
accumulate Cl− against an electrochemical gradient. The
environment of the neuron in vivo is much more complex
(Fig. 1). In the olfactory epithelium, the neuronal cilia are
surrounded by mucus generated by the Bowman’s glands
and sustentacular cells (Farbman, 1992). The neuronal cell
bodies are in a different extracellular compartment and are
surrounded by sustentacular cells. Finally, the neuronal
axons, as well as the Bowman’s glands and basal feet of
the sustentacular cells, sit in or near a well-vascularized
lamina propria. In intact epithelium, it has been possible
to estimate the electrochemical potential for Cl− near the
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sensory ending with Cl−-sensitive dyes (Kaneko et al. 2004)
or energy-dispersive X-ray microanalysis (Reuter et al.
1998). Both studies suggest a Cl− gradient that would cause
depolarization.

In most cells, Cl− homeostasis depends on transporters
that allow coupled fluxes of Cl− and other ions to cross
the plasma membrane. In the olfactory system, NKCC1,
a Na+–K+–2Cl− cotransporter, plays an important role
in neuronal Cl− accumulation. Pharmacological block
or genetic removal of NKCC1 in isolated mouse ORNs
virtually abolishes odour-induced Cl− currents (Reisert
et al. 2005). However, in intact mouse epithelium, the
odour-induced field potential is only modestly reduced
in mice lacking NKCC1 (Nickell et al. 2006). The
remaining field potential in NKCC1 knockout (KO) mice
is largely Cl− dependent; it is greatly reduced by the Cl−

channel blocker niflumic acid (Nickell et al. 2006). These
results provide strong evidence that, in intact epithelium,
transporters in addition to NKCC1 contribute to neuronal
Cl− accumulation.

The known Cl− transporters belong to three gene
families: Slc4a, Slc12a and Slc26a (Table 1). From an

Figure 1. Cartoon diagram of major cell types of the olfactory
mucosa in vivo
The cilia of the Cl−-accumulating ORNs are exposed to mucus. The
mucus is generated by Bowman’s glands (BG) and sustentacular cells
(Sus) (Farbman, 1992). The ORN cell bodies sit in an extracellular space
containing basal cells (not shown) and sustentacular cells. The
Bowman’s glands, ORN axons and basal feet of the sustentacular cells
sit near or in a well-vascularized lamina propria. The ORN-containing
olfactory epithelium and its underlying lamina propria comprise the
olfactory mucosa.

operational standpoint, most of these transporters can also
be grouped into four functional classes according to ionic
selectivity and pharmacology. The first pharmacological
class consists of NKCC1 and NKCC2, which cotransport
one Na+, one K+ and two Cl− ions and can be blocked
with bumetanide or furosemide (Payne et al. 2003;
Hebert et al. 2004; Gamba, 2005). A second class contains
a single protein, NCC, which cotransports one Na+

and one Cl− and is blocked by thiazides, including
hydrochlorothiazide (Stokes, 1984; Payne et al. 2003;
Gamba, 2005). A third class exchanges one HCO3

− for
one Cl−. Some members of this class also exchange
Cl− for other anions, including hydroxide, iodide and
formate (Mount & Romero, 2004; Romero et al. 2004).
DIDS (4,4′diisothiocyanatostilbene-2,2′-disulphonic
acid) blocks transport by many Cl−/HCO3

− exchangers,
including AE1 (Kietz et al. 1991), AE2 (Lee et al. 1991),
AE3 (Lee et al. 1991), AE4 (Ko et al. 2002; but see also
Tsuganezawa et al. 2001), PAT1 (Wang et al. 2002), SUT2
(Petrovic et al. 2003) and Slc26a9 (Xu et al. 2005). DIDS
inhibition of the Cl−/HCO3

− exchangers DRA (Melvin
et al. 1999; Wheat et al. 2000) and pendrin (Soleimani
et al. 2001; Dossena et al. 2006) is uncertain. Transporters
in these three classes typically cause accumulation of
Cl− (see Table 1 for references). A fourth class, KCC,
cotransports K+ and Cl− and can be blocked with DIDS or
furosemide (Delpire & Lauf, 1992; Payne, 1997; Mercado
et al. 2000). The KCC1–4 proteins belong to this class.
KCC most often causes extrusion of Cl− (Payne et al.
2003). The classification of the remaining possible Cl−

transporters is less clear: the Slc4a family member NCBE
does not cause accumulation of Cl− (Wang et al. 2000),
and transporters CCC9, CIP1, TAT1 and Slc26a11 have
functions that are not yet well defined (see Table 1 for
references).

In intact olfactory epithelium, we have investigated
which Cl− transporters in addition to NKCC1 allow
ORNs to accumulate Cl−. We first used the reverse
transcriptase-polymerase chain reaction (RT-PCR) to
determine which Cl− transporters are expressed in nasal
tissue containing olfactory mucosa. We then investigated
how pharmacological block or genetic removal of Cl−

transporters affects the electroolfactogram (EOG), the
odour-induced field potential measured at the surface
of the epithelium. The EOG arises primarily from the
receptor potentials of the ORNs (Ottoson, 1956; Scott &
Scott-Johnson, 2002).

Methods

RT-PCR

To obtain RNA, adult mice (strain C57Bl6/129) were
exposed to rising concentrations of CO2 and then
decapitated in accordance with the University of
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Table 1. Cl transporters

Cl− Influx(I)
Family Gene Alias Distribution Ions or efflux(E) References

Slc4a
anion

exchangers

Slc4a1 kAE1 kidney Cl−/HCO3
− I

Slc4a1 eAE1 erythrocyte Cl−/HCO3
− I Alper et al. 2002;

Slc4a2 AE2 widespread Cl−/HCO3
− I Romero et al. 2004

Slc4a3 AE3 brain, heart Cl−/HCO3
− I

Tsuganezawa et al. 2001;
Slc4a9 AE4 kidney, stomach Cl−/HCO3

− I Ko et al. 2002;
Xu et al. 2003

Slc12a
electro
neutral,
cation–
coupled

cotransporter

Slc4a10 NCBE brain, ileum, kidney Cl−/Na+ + 2HCO3
− E Wang et al. 2000

Slc12a1 NKCC2 kidney Na+ + K+ + 2Cl− I
Slc12a2 NKCC1 widespread Na+ + K+ + 2Cl− I
Slc12a3 NCC kidney Na+ + Cl− I Payne et al. 2003
Slc12a4 KCC1 widespread K+ + Cl− E

Slc12a5 KCC2 neuron-specific (brain) K+ + Cl− E, I Payne et al. 2003;
Slc12a6 KCC3 widespread K+ + Cl− E
Slc12a7 KCC4 widespread K+ + Cl− E Gamba, 2005

Slc12a8 CCC9 widespread ? ? Hebert et al. 2004;
Gamba, 2005

Slc26a

Slc12a9 CIP1 widespread ? ? Gamba, 2005

Slc26a3 DRA colon, pancreas, trachea Cl−/HCO3
− I Greeley et al. 2001;

Sterling & Casey, 2002;
Mount & Romero, 2004

Slc26a4 pendrin thyroid, inner ear, kidney Cl−/HCO3
− I Sterling & Casey, 2002;

Mount & Romero, 2004

Slc26a6 PAT1 pancreas, kidney, stomach Cl−/HCO3
− I Sterling & Casey, 2002;

Wang et al. 2002;
Mount & Romero, 2004

Slc26a7 SUT2 kidney, stomach Cl−/HCO3
− I Sterling & Casey, 2002;

Petrovic et al. 2003, 2004

Slc26a8 TAT1 testis Cl− ? Lohi et al. 2002;
Sterling & Casey, 2002

Slc26a9 lung, stomach Cl−/HCO3
− I Sterling & Casey, 2002;

Xu et al. 2005

Slc26a11 widespread Cl−/HCO3
− ? Vincourt et al. 2003;

Soleimani & Xu, 2006

The genes are classified by sequence homology into three families: Slc4a, Slc12a and Slc26a. Several of the transporters have common
names, some of which are listed in the ‘Alias’ column. The ‘Distribution’ and ‘Ions’ columns are not exhaustive. Ions separated by ‘+’
are cotransported; ions separated by ‘/’ are exchanged. The ‘Cl− influx (I) or efflux (E)’ column indicates the likely direction of Cl−

transport in vivo in the tissues that have been studied.

Cincinnati’s Institutional Animal Care and Use Committee
protocols and to conform with NIH guidelines. Care was
taken to remove the nasal tissue without contamination
from the olfactory bulb. Nasal tissue containing olfactory
mucosa (hereinafter referred to simply as nasal tissue) was
obtained by removing the turbinates and caudal septum.
Thus, the sample contained olfactory mucosa with some
bone, cartilage and respiratory mucosa. Total RNA was
extracted from this and from the positive control tissues
with TRIzol Reagent (Invitrogen, Carlsbad, CA, USA).
The RNA was treated with DNase (DNA-free kit, Ambion,

Austin, TX, USA) and reverse transcribed with oligo
(dT) primers (RETROscript kit, Ambion; RNase inhibitor,
Fisher, Waltham, MA, USA). PCR reactions were run for 30
cycles with a Taq polymerase PCR kit (T-20, GeneChoice,
Frederick, MD, USA). RT-PCR reactions were run
with 3.7 ng RNA (μl RT-PCR reaction)−1; this RNA
concentration was within the range (1–10 ng RNA μl−1)
recommended by the RETROscript protocol. Weak or
negative reactions (kAE1, AE4, NCBE, NKCC2, NCC and
DRA) were further tested with 15 ng RNA μl−1. Primer
sequences, annealing temperatures and references or NCBI
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accession numbers are given in the Supplemental material
available online (SM-Table 1). Each PCR product crosses
at least one intron; as a result, any genomic DNA would
yield a significantly longer PCR product than expected.
Primer sequences were obtained from the literature
(AE1) or from M. Soleimani (DRA) or chosen using
Primer3 software (Rozen & Skaletsky, 2000). For all of the
transporters except AE1 and CCC9, the primers were
designed to amplify a PCR product that would have
the same sequence for all known variants of a given
transporter. In such cases, a positive result does not
reveal which variants are present. For AE1, the primers
were designed to differentiate between the two variants,
kAE1 and eAE1. For CCC9, for which a new variant
was recently found (NM 001083902), the primers should
amplify PCR products of nearly the same sizes (9 basepair
difference) but different sequences for the two variants.
There is some evidence that Slc26a9 has two variants
in mouse, but only one sequence is known (Xu et al.
2005), so that sequence was used to design primers. In
all cases, nasal samples that gave negative results for a
given transporter had given positive results for other trans-
porters. PCR products were separated on an agarose gel
and stained with ethidium bromide. The PCR product
was extracted from the gel (MinElute Gel Extraction Kit,
Qiagen, Valencia, CA, USA) and sequenced to confirm
the identity of the PCR product. All transporters were
sequenced from reactions with the conventional RNA
concentration (3.7 ng RNA μl−1) except AE4, NCBE,
NKCC2 and NCC, which were sequenced from reactions
with 15 ng RNA μl−1. When a transporter was not found in
the nasal tissue, the PCR product from the positive control
tissue was sequenced. The sequence of the PCR product
was BLASTed against the mouse database to confirm that
the selected Cl− transporter was the only gene with that
sequence (NCBI BLASTN, mouse nr/nt database, Altschul
et al. 1997).

Every PCR reaction was accompanied by a control
(‘no-transcript’) reaction in which water was run in place
of RT product to test for contamination of PCR reagents;
these controls were always negative. Each transporter
was tested with two different nasal samples; the same
transporters were detected with both samples with the
exception of two weakly detected transporters (DRA and
an NCBE splice variant; see Results). Aerosol tips were
used for RNA extraction, DNase treatment and RT-PCR
procedures. On the agarose gels, the PCR product for the
positive control tissue was at least one well away from the
PCR product for the nasal tissue. Lack of contamination
is supported by the finding that both nasal samples were
negative by RT-PCR for genes expressed in kidney (kAE1,
Fig. 2A), cerebellum (ZIC2, NM 009574, data not shown)
and stomach (GKN1, NM 025466, data not shown). For
NKCC2, additional nasal tissue (23-day-old mice, inbred
FVBN strain) was acquired and processed in conjunction
with a blank sample through the RNA extraction, DNase

treatment and RT-PCR procedure. The nasal sample was
positive for NKCC2, as shown by sequencing, while the
control was negative.

Electroolfactogram

We measured the electroolfactogram (EOG), which is
commonly used to quantify the odour-induced potential
in mouse olfactory epithelium (Wong et al. 2000; Spehr
et al. 2006; Wang et al. 2006). EOGs were recorded
in epithelia from NKCC1+/+ and NKCC1−/− mice in
an inbred FVBN background (Flagella et al. 1999) or
from AE2+/+ and AE2−/– mice in a mixed 126S6/SvEv
and Black Swiss background (Gawenis et al. 2004).
Both knockouts contain null mutations. The genotype
of each mouse was determined by PCR of DNA from
tail biopsies. Turbinates were exposed and mounted as
previously described (Nickell et al. 2006). The tissue was
continuously perfused by a gravity flow system through
a four-input solenoid valve manifold (General Valve,
Fairfield, NJ, USA) at 1 ml min−1. Odor stimulation was
applied by computer-controlled switching of the valve
to odour-containing Ringer solution (a mixture of 10
odourants: 2-heptanone, (S)(+)-carvone, isoamyl acetate,
anisole, pyridine, benzaldehyde, n-hexanoic acid, cineole,
n-butanol, and ethyl n-butyrate, 100 μm each). The valve
manifold was mounted near the preparation, and 10 cm
of PE20 tubing carried Ringer solution from the common
port of the manifold to the preparation. This tubing
provided the resistance regulating flow from reservoirs
positioned 50 cm above the preparation. The distal end of
the tubing was attached to a manipulator and its position
was adjusted to produce uniform flow over the turbinates.
Dye (fast green, 0.01% w/v) was included in the odour
solution to monitor stimulus delivery. One channel of the
valve manifold was connected to a solution containing
dye but no added odourant. This allowed verification
of stimulus delivery without exposing the epithelium to
stimulus. The odour-free solution produced very small
responses. Procedures were similar to those previously
described (Nickell et al. 2006). In that study, a picospritzer
(General Valve) and a separate stimulus pipette were used
to inject the odourant mixture into a continuous stream
of Ringer solution.

For each experiment, a mouse was euthanized as
described above. The head was hemisected in a midsagittal
plane with the blade passing between the septum and the
lateral wall. The septum was removed, and recordings were
made from the olfactory turbinates, which are located
on the lateral wall. Most EOGs were recorded from end-
oturbinate III (using the nomenclature of Ressler et al.
1993). The Ringer solution consisted of (mm): 140 NaCl, 5
KCl, 2 CaCl2, 1 MgCl2, 10 Hepes and 10 glucose, adjusted
to pH 7.2 with NaOH. Each epithelium was tested with a
single Cl−-transport blocker (or mixture of blockers) and
then discarded.

C© 2007 The Authors. Journal compilation C© 2007 The Physiological Society



J Physiol 583.3 Neuronal chloride accumulation in olfactory epithelium 1009

In some experiments a different dissection was used. The
mucosa covering the septum was removed from under-
lying cartilage and bone. The isolated mucosa (about
5 mm × 6 mm) was positioned on a 1 cm2 square of
105 μm nylon mesh (Small Parts, Miami Lakes, FL, USA)
and supported by a silicone base so that it sat at a 45 deg
angle. The tissue was held in place by a harp of the kind
used to secure brain slices for recording. The elastic strings
of the harp were placed on both sides of the platinum wire
so that surface tension maintained a constant depth of
fluid above the tissue. The nylon mesh was permeable and
hydrophilic, allowing a constant flow beneath the tissue.
This arrangement ensured drug access to both sides of the
mucosa.

The recording electrode was a 20-μm-diameter
fire-polished pipette pulled from haematocrit tubing,
filled with Ringer solution, and attached to a stable
manipulator. The tip was positioned a few microns
above the surface of the epithelium, as determined by
an increase in electrical resistance and the presence of
multiunit activity on touching the epithelium. Electrical
signals were amplified by a high-impedance preamplifier
(AK-47LN, Metametrics, Cambridge, MA, USA), filtered
at 500 Hz and digitized at 2 kHz. Data acquisition and
stimulus control were handled by a data-acquisition board
(PCI-6024E, National Instruments, Austin, TX, USA)
run by Igor Pro 4 software (Wavemetrics, Portland, OR,
USA). The preparation was grounded through a 3 m KCl
salt bridge. Recordings were done at room temperature
(22–25◦C).

Hydrochlorothiazide (H2910), bumetanide (B3023)
and DIDS (D3514) were purchased from Sigma-Aldrich
(St Louis, MO, USA). The concentrations of blockers
used in this report were expected to produce almost
total inhibition of the targeted Cl− transporters, based on
numerous dose–response studies (see the references in the
introduction).

Block of ciliary transduction channels

The effects of bumetanide and DIDS on the CNG
and Cl− transduction channels were measured by patch
recording from single olfactory cilia of the grass frog
(Kleene, 1993). Frogs were decapitated and doubly pithed
without anesthesia in accordance with the University of
Cincinnati’s Institutional Animal Care and Use Committee
protocols and in conformation to NIH guidelines. CNG
and Cl− channels were activated by adding 100 μm

cAMP or 300 μm CaCl2, respectively, to the cytoplasmic
bath. Slope conductance of the ligand-activated current
was measured between −60 and −40 mV. Bumetanide
(50 μm) or DIDS (500 μm or 1 mm) was then applied
to the extracellular face of the cilium by perfusing the
patch pipette. Ten minutes following perfusion, the slope
conductance was measured again to determine the extent
of channel block.

Analysis of data

For each epithelium, each EOG amplitude was normalized
by dividing it by the average of all of the control
points. Thus, the mean normalized control value for each
epithelium is 1.0. Straight lines shown in the figures are
linear regressions determined from the mean values. In
most experiments, the EOG amplitude declined slowly
with time (e.g. Fig. 3) even in the control condition. Such
a decline in the EOG with repeated odour stimulation has
been previously reported in frog (Gesteland et al. 1965)
and rat (Gesteland & Sigwart, 1977). We determined the
decrease in EOG amplitude due to pharmacological block
in Figs 3 and 5 as follows. Two linear regressions were
calculated, one from the control points and one from the
data following treatment. The value of each regression line
at the time of the first treatment point (35 min in Fig. 3
and 15 min in Fig. 5) was determined. The decrease was
figured from the ratio of those two values. In effect, this
compares the amplitude immediately following treatment
to the predicted value of the control experiment at that
same time.

To compare different treatments or populations, we
used analysis of variance (ANOVA) using the Mixed
Procedure of SAS (SAS Institute, Cary, NC, USA).
Significance of differences between individual data points
was determined using unpaired t tests. Data are reported
as mean ± s.e.m.

Results

Many Cl− transporters are expressed in nasal tissue

Using RT-PCR, mRNA transcripts for 20 of the 21 Cl−

transporters were detected in nasal tissue that contained
olfactory mucosa, and the identities of the PCR products
were confirmed by sequencing. The remaining transporter,
DRA, was detected as a weak band; sequencing of that band
was not attempted.

With a conventional amount of RNA (3.7 ng RNA (μl
RT-PCR reaction)−1), mRNA for all transporters except
NKCC2 and DRA was detected in mouse nasal tissue (Fig.
2). Sequencing confirmed the identities of the bands; some
weak bands (AE4, NCBE NCC) were sequenced from
reactions with a greater amount of RNA (15 ng RNA μl−1).
When NKCC2 was tested with 15 ng RNA μl−1, it was
detected (data not shown) and confirmed with sequencing.
When DRA was tested with 15 ng RNA μl−1, a faint band
was detected at the appropriate size (data not shown)
in one of two nasal samples. We did not attempt to
sequence this band. For AE1, the primers were designed to
differentiate between the two variants (kAE1 and eAE1).
eAE1 was detected in nasal tissue; kAE1 was not detected
(Fig. 2A), even at the higher RNA concentration (data
not shown). For CCC9, the sequence matched variant 1
(NM 134251) rather than variant 2 (NM 001083902). For
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all transporters except AE1 and CCC9, the primers were
designed to amplify a PCR product that would have the
same sequence for all known variants of a given trans-
porter. In such cases, a positive result does not reveal which
variants are present. For KCC4, we detected a new mRNA
splice variant upon sequencing the PCR product from
nasal tissue. The 15 extra bases (AGAGTGGGGAAACCT)
are located in the intron that precedes exon 23 (see
Discussion). KCC4 that was sequenced from the positive
control tissue (kidney) did not include the extra bases.
For NCBE, we detected a new mRNA splice variant upon
sequencing the PCR product from nasal tissue. The nasal
NCBE was missing exon 25 (NM 033552) and its band ran

A   RT-PCR for the Slc4a chloride transporters

Gene Slc4a1 Slc4a1              Slc4a2 Slc4a3 Slc4a9 Slc4a10

Alias kAE1 eAE1 AE2 AE3 AE4

No. of Known

Murine Splice

Variants

Results for

Nasal Tissue

Expected

Size (bp)

Tissue K N Sp N N N N NCe B BK

512 533 569 570 515 345

+ + + + +

2 1 15

NCBE

NT NT NT NT NT NT

400

600

200

Gene Slc12a1 Slc12a2 Slc12a3 Slc12a4 Slc12a5

Alias NKCC2 NKCC1 NCC KCC1 KCC2

No. of Known

Murine Splice

Variants

Results for

Nasal Tissue

Expected

Size (bp)

Tissue K N K N N N NK K Ce

152 516 521 597 512

++ + +

6 2 1 11

+

B   RT-PCR for the Slc12a1 - Slc12a5 chloride transporters

NT NTNTNTNT

600

400

200

1

Figure 2. Continued.

faster on the gel than the brightest band from brain tissue
(Fig. 2A). The sequence we obtained from the brightest
band with the brain tissue matched the published sequence
(NM 033552). The brain tissue showed a weak band at
the same size as the nasal NCBE variant; we did not
sequence the DNA from that band in brain. At 15 ng
RNA μl−1, nasal tissue had a band at the same size as the
brightest band from the brain tissue (data not shown);
at 3.7 ng RNA μl−1, a weak, similarly positioned band
was detected in only one of two nasal samples (data not
shown).

To further characterize the Cl− transport processes
underlying olfactory transduction, we studied the
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olfactory field potential, known as the electroolfactogram
(EOG). This potential is measured at the surface of
the olfactory epithelium during odour stimulation. The
EOG arises from the summated activities of many
ORNs near the recording electrode (Ottoson, 1956; Scott
& Scott-Johnson, 2002). It is primarily caused by a
depolarizing Cl− current and is thus an indicator of the
neuronal Cl− gradient (Nickell et al. 2006). We measured

D  RT-PCR for the Slc26a chloride transporters

Gene Slc26a3 Slc26a4 Slc26a6 Slc26a7 Slc26a8 Slc26a9 Slc26a11

Alias DRA Pendrin PAT1 SUT2 TAT1

No. of Known
Murine Splice

Variants

Results for
Nasal Tissue

Expected
Size (bp)

Tissue Co N K N N N N N NSI St StT K

497 585 469 593 577 521 587

+ + + + + +

1 1 1 1 1 12

NTNTNTNTNT NT NT

600

400

2

Gene Slc12a6 Slc12a7

Alias

No. of Known
Murine Splice

Variants

Results for
Nasal Tissue

Expected
Size (bp)

Tissue N NK K

554 484

+ +

5 1

Slc12a8 Slc12a9

CIP1CCC9KCC4KCC3

2 1

+ +

591 589

B NCo N

C   RT-PCR for the Slc12a6 - Slc12a9 chloride transporters

NT NT NT NT

600

400

Figure 2. mRNA for Cl− transporters in nasal tissue containing olfactory mucosa assayed by RT-PCR
A, RT-PCR for the Slc4a Cl− transporters. B, RT-PCR for the Slc12a1–Slc12a5 Cl− transporters. C, RT-PCR
for the Slc12a6–Slc12a9 Cl− transporters. D, RT-PCR for the Slc26a Cl− transporters. The expression of
genes for 21 Cl− transporters was tested. The images of gels show the results of RT-PCR reactions with a
conventional RNA concentration (3.7 ng RNA μl−1). For all of the transporters except AE1 and CCC9 (see
Methods), the primers were designed to amplify a PCR product that would have the same sequence for
all known variants of a given transporter. In the row ‘Results for Nasal Tissue’, ‘+’ (without a superscript)
indicates that one or more of the variants for the Cl− transporter was detected with a conventional RNA
concentration and confirmed with sequencing; ‘−’ (without a superscript) indicates that kAE1 was not detected.
‘+1’ indicates that while NKCC2 was negative at 3.7 ng RNA μl−1, it was detected (data not shown) and
confirmed with sequencing with 15 ng RNA μl−1. ‘−2’ indicates that DRA was negative at 3.7 ng RNA μl−1

but had a weak band (data not shown), which was not sequenced, at 15 ng RNA μl−1. For NCBE and KCC4,
the number of variants shown refers to the one variant that was known prior to the present study. For
each transporter, nasal tissue (N), a ‘no-transcript’ (NT) control, and the appropriate positive control tissue
(K, kidney; Sp, spleen; Ce, cerebellum; B, brain; Co, colon; SI, small intestine; St, stomach; and T, testis) were
tested. In the first gel image of each section of the figure (A, B, C or D), the leftmost lane is a calibration lane; the
values are in basepairs. Thereafter, the calibration marks are indicated by white dashes in the rightmost lane of
each gel. The values for the calibration marks are the same for all gels in a section. A box around multiple lanes
indicates that the lanes were part of the same gel. bp, basepair.

the effects of Cl− transport inhibitors and genetic ablation
of specific transporters on the EOG. The results are
described in the following sections.

The EOG survives genetic ablation of NKCC1

For epithelia from wild-type (WT) mice, the mean EOG
amplitude was 913 ± 96 μV (n = 20). In NKCC1 knockout
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(KO) mice, the mean was 387 ± 66 μV (n = 15), which
is 57% smaller than the mean response in the WT. The
difference is highly significant (P < 0.001).

In a previous study (Nickell et al. 2006), we reported
that the EOG amplitude in NKCC1 KO mice was 39%
smaller than in WT mice. The mean EOG amplitudes were
smaller in that study: 438 ± 65 μV (n = 7) in WT mice
and 268 ± 19 μV (n = 7) in NKCC1 KO mice. There were
two methodological differences between the two studies.
The present study used a slightly more precise method of
stimulus delivery (see Methods) and also used older mice.
Mice used in the first study were 19–52 days old. The means
shown above for the present study are from WT mice
of average age 87 ± 5 days (n = 20, range 50–113 days)
and KO mice of average age 111 ± 11 days (n = 15, range
49–114 days).

Treatment with bumetanide simulates the absence
of NKCC1

We also examined the role of NKCC1 in WT mice by
blocking the transporter with bumetanide. The other
possible target of bumetanide, NKCC2, was detected in
nasal tissue by RT-PCR (data not shown) in this study
but has not been previously detected in olfactory tissue
(Kaneko et al. 2004; Reisert et al. 2005). We expected
that a WT epithelium treated with bumetanide would be
similar to an epithelium from an NKCC1 KO mouse, and
that bumetanide should have little effect in mice lacking
NKCC1. These predictions were verified.

In epithelia from WT and NKCC1 KO mice, we
recorded the EOG response amplitudes before and after
application of bumetanide (Fig. 3). Control responses
were taken at 5 min intervals for 30 min. The control
response amplitude declined 0.8% min−1 and 1.1% min−1

in WT and KO epithelia, respectively. Immediately after
the final control response, 50 μm bumetanide was added

Figure 3. Block of the NKCC1 cotransporter by
bumetanide reduces the EOG amplitude in WT but not in
NKCC1 KO mice
The concentration of bumetanide was 50 μM. Mice were
45–86 days old. The WT series used 6 epithelia from 4 mice; the
KO series used 4 epithelia from 2 mice.

to the perfusing solution and responses were taken for an
additional 30 min. In epithelia from WT mice, the EOG
amplitude decreased by 32% immediately after application
of bumetanide. In epithelium from NKCC1 KO mice, the
response increased 4%. In the WT mice, the decrease
was highly significant (P < 0.0001); in the KO mice, the
difference was not significant (P < 0.5). Since bumetanide
did not affect the EOG response in NKCC1 KO mice, it can
be considered a specific blocker of NKCC1 in this system.
During continuous application of bumetanide, responses
in both KO and WT continued to decline at rates near the
control rates.

Block of additional Cl− transporters further reduces
the EOG amplitude but does not abolish the response

In epithelia from WT mice, we attempted to
simultaneously block all four classes of Cl− transporter.
Epithelia were treated with an ‘All Block’ mixture
containing 50 μm bumetanide (which blocks NKCC1),
200 μm hydrochlorothiazide (which blocks NCC),
and 500 μm DIDS (which blocks many of the KCC
cotransporters and Cl−/HCO3

− exchangers).
The All Block mixture reduced the response amplitude

within 5 min of drug application (Fig. 4A). There was
no further reduction at 10 min following drug exposure.
On average, the All Block treatment reduced the EOG
amplitude by 63% (determined by comparing the average
of the 3 control responses to the average of the 2
following treatment). Following this treatment, niflumic
acid (300 μm) was added to the perfusing solution
(Fig. 4B). Niflumic acid reduced the response amplitude
by 94 ± 1% (compared with the mean control value) after
5 min of exposure and by 99 ± 1% after 10 min (n = 5).
Niflumic acid blocks the ciliary Cl− channels that open
during the odour response (Kleene, 1993; Lowe & Gold,
1993).

C© 2007 The Authors. Journal compilation C© 2007 The Physiological Society



J Physiol 583.3 Neuronal chloride accumulation in olfactory epithelium 1013

The All Block mixture reduced the response more
than did bumetanide alone. To determine whether the
additional reduction was caused by hydrochlorothiazide
or by DIDS, we next tested each blocker separately.

Block of the NCC cotransporter only slightly reduces
the EOG amplitude

NCC is expressed in olfactory tissue of rat (Kaneko et al.
2004) and mouse (Fig. 2B). We tested the effect of 200 μm

hydrochlorothiazide, which blocks NCC, on the EOG. If
NCC contributes to neuronal accumulation of Cl−, then
hydrochlorothiazide should decrease the EOG amplitude.
If NCC and NKCC1 are the only transporters accumulating
Cl−, then hydrochlorothiazide might virtually eliminate
the EOG in NKCC1 KO mice but not in WT mice.
The combined WT and KO responses (Fig. 5A) were
decreased 11% after application of hydrochlorothiazide.
This decrease was weakly significant (P < 0.05). However,
the difference between the two genotypes was not
significant (P < 0.07). This result suggests that NCC plays
a limited role in Cl− accumulation.

Treatment with DIDS reduces the EOG amplitude in
both WT and NKCC1 KO epithelia

As described above, DIDS blocks many KCC
cotransporters and Cl−/HCO3

− exchangers. If a
DIDS-sensitive transporter functions alongside NKCC1,
then block of the DIDS-sensitive transporter should reduce
the EOG amplitude. If NKCC1 and a DIDS-sensitive
transporter are the only transporters accumulating Cl−,

A B

Figure 4. Simultaneous block of multiple Cl− uptake systems reduces the EOG amplitude but does not
abolish the response in WT mice
Mice were all WT, 77–87 days old. Five epithelia from 3 mice were used. A, normalized EOG amplitudes before and
after application of the All Block mixture of three transport blocking drugs (50 μM bumetanide, 500 μM DIDS and
200 μM hydrochlorothiazide). B, example EOG responses recorded in the following order: control; after application
of the All Block mixture; and after application of niflumic acid (NFA, 300 μM).

then DIDS might virtually abolish the EOG in the NKCC1
KO mouse.

As before, EOG amplitudes were measured before and
after application of the transport blocker in both WT
and NKCC1 KO epithelia. DIDS (1 mm) decreased the
EOG within 5 min of its application (Fig. 5B). There was
no difference in percentage reduction between the WT
and NKCC1 KO epithelia (P < 0.2). When both data sets
(WT and KO) were combined, the percentage reduction
by DIDS was 42%. This decrease is highly significant
(P < 0.0001). Thus, DIDS reduces the EOG amplitude but
does not abolish the response even in NKCC1 KO mice.

Niflumic acid (300 μm) was applied to some of the
epithelia following the treatment with DIDS. Niflumic acid
reduced the response amplitude by 94 ± 2% (compared
with the mean control value) after 5 min of exposure
(pooled results from 4 WT and 3 NKCC1 KO mice). This
indicates that an odour-induced Cl− current persists even
following perfusion with DIDS.

Effects of DIDS and bumetanide on the ciliary
transduction channels

In principle, the blockers tested could reduce the EOG
by blocking the ciliary transduction channels rather than
by blocking Cl− accumulation. The effects of extracellular
DIDS and bumetanide on the CNG and Cl− transduction
channels were determined in frog, where it is possible
to record from single olfactory cilia. DIDS, which is
known to block some Cl− channels, inhibited the olfactory
Cl− conductance slightly (8 ± 4% reduction at 500 μm,
n = 5; 13 ± 8% reduction at 1 mm, n = 8). Bumetanide
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(50 μm) reduced the ciliary Cl− conductance by 7 ± 1%
(n = 6). Neither inhibitor had a significant effect on
the CNG conductance (n = 4 for bumetanide; n = 5 for
DIDS).

A

C

B

D

Figure 5. Further pharmacological studies of the EOG in WT and KO mice
A, hydrochlorothiazide, a blocker of the NCC transporter, has only small effects on the EOG amplitude in WT
and NKCC1 KO mice. Hydrochlorothiazide concentration was 200 μM. Mice were 99–103 days old (WT) and
104–176 days old (KO). The WT series used 4 epithelia from 2 mice; the KO series used 6 epithelia from 4 mice.
B, DIDS reduces the EOG amplitude in both WT and NKCC1 KO mice. DIDS concentration was 1 mM. Mice were
109–115 days old (WT) and 111–115 days old (KO). For each of the WT and KO series, 5 epithelia from 3 mice were
used. C, bumetanide reduces the EOG amplitude in both WT and AE2 KO mice. The bumetanide concentration was
50 μM. Mice were 13–16 days old (WT) and 15–16 days old (KO). AE2 KO mice do not survive beyond weaning.
For the WT series, 6 epithelia from 5 mice were used; for the AE2 KO series, 7 epithelia from 5 mice were used.
D, application of bumetanide and DIDS to both surfaces of the mucosa does not eliminate the EOG. Responses
are from septal mucosa that was removed from underlying cartilage and mounted on nylon mesh. Bumetanide
concentration was 50 μM; DIDS concentration was 500 μM. All mice were adult WT aged 79–80 days (bumetanide
only), 106–144 days (DIDS only) or 109–128 days (bumetanide plus DIDS). The first series (bumetanide only) used 5
epithelia from 3 mice; the second series (DIDS only) used 7 epithelia from 4 mice; the third series (bumetanide and
DIDS) used 5 epithelia from 3 mice. Residual responses were strongly decreased or abolished by 300 μM niflumic
acid (data not shown).

Mice lacking AE2 have a normal EOG

AE2 is a Cl−/HCO3
− exchanger (Alper et al. 2002) that

has widespread expression including nasal tissue (Shetty
et al. 2005; and Fig. 2A). If NKCC1 and AE2 are solely
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responsible for Cl− uptake in ORNs, then block of NKCC1
by bumetanide in mice lacking AE2 should abolish the
EOG. Because AE2 KO mice do not survive beyond
weaning, all experiments used young mice (13–16 days
postnatal). In the other EOG experiments, mice were from
45 to 176 days old (as stated in the figure legends).

The EOG in AE2 KO mice was normal. The mean
amplitude was 510 ± 68 μV (n = 7) in the KO mice and
529 ± 76 μV (n = 6) in the AE2 WT mice. Bumetanide
(50 μm) decreased the EOG within 5 min of its application
(Fig. 5C). There was no difference in percentage reduction
between the WT and AE2 KO epithelia (P < 0.06).
When both data sets (WT and KO) were combined,
the percentage reduction by bumetanide was 36%.
This decrease is highly significant (P < 0.0001). Thus,
bumetanide reduces the EOG amplitude but does not
abolish the response even in AE2 KO mice. These results
do not support the hypothesis that AE2 plays a major role
in Cl− accumulation. However, it is possible that AE2 is
expressed at lower levels in young mice than in adults.

Application of blockers to both surfaces
of the mucosa

With three possible transport mechanisms blocked
(Fig. 4), there remained a significant EOG response that
was sensitive to niflumic acid. In other words, some Cl−

accumulation persisted even in the presence of the three
blockers. It is possible that the block was incomplete
because the reagents were only able to access Cl−

transport sites on the apical surface of the epithelium.
To test this possibility, we developed a preparation in
which both the apical and basal surfaces of the mucosa
were perfused. The mucosa covering the nasal septum
of a WT mouse was removed and mounted on a nylon
mesh. The perfusion tube was placed so that both surfaces
were perfused (see Methods). The mean EOG amplitude
measured in this preparation (629 ± 54 μV, n = 17) was
smaller that in the standard preparation (913 ± 96 μV,
n = 20; P < 0.02).

In the doubly perfused mucosae, bumetanide (50 μm)
reduced the EOG amplitude by 48%, while DIDS (500 μm)
reduced it by 57% (Fig. 5D). There was no difference
between the reductions produced by bumetanide and by
DIDS. Combination of both drugs reduced the response
by 63%. All of the reductions were highly significant
(P < 0.0001). Differences between either drug alone and
the combination were significant (P < 0.05, bumetanide;
P < 0.01, DIDS). The effects of bumetanide and DIDS were
not simply additive. In general, quantitatively predicting
the additivity of multiple blockers requires a knowledge of
the ionic gradients and the relative fluxes of the underlying
transporters.

In the doubly perfused mucosae, niflumic acid (300 μm)
was applied following the treatments with bumetanide
and/or DIDS. Niflumic acid reduced the response
amplitude by 87 ± 3% (compared with the mean control
value) after 5 min of exposure and by 94 ± 3% after
10 min (n = 3 for bumetanide; n = 6 for DIDS; n = 5
for bumetanide plus DIDS). These results indicate that
an odour-induced Cl− current persists even following
perfusion of both sides of the membrane with DIDS and
bumetanide.

Discussion

When vertebrate ORNs depolarize in response to an
odour stimulus, most of the current is due to an efflux
of Cl−. Presumably, Cl− transport proteins allow the
neuron to accumulate Cl− at rest to a concentration
that is above electrochemical equilibrium. One such
transporter, NKCC1, clearly contributes to this process
(Kaneko et al. 2004; Reisert et al. 2005; Nickell et al.
2006). However, substantial Cl− accumulation persists
even in mice lacking NKCC1 (Nickell et al. 2006). To
identify the other Cl− uptake mechanisms involved, we
have taken two approaches. First, we used RT-PCR to
screen nasal tissue containing olfactory mucosa for the
mRNA of Cl− transporters. Second, we characterized the
pharmacological properties of neuronal Cl− accumulation
in intact olfactory epithelium.

Using RT-PCR, mRNA transcripts for 20 of the 21 Cl−

transporters were detected in nasal tissue that contained
olfactory mucosa, and the identities of the PCR products
were confirmed by sequencing. The remaining transporter,
DRA, was detected as a weak band; sequencing of that band
was not attempted. The AE1 variant, eAE1, was detected
in nasal tissue; kAE1 was not detected. The eAE1 signal
may have resulted solely from the presence of erythrocytes,
which strongly express eAE1 (Alper et al. 2002).

We found a KCC4 mRNA splice variant in nasal tissue
that was not present when we sequenced the PCR product
from kidney. An examination of the KCC4 genomic
sequence (NM 011390) showed that the extra 15-base
sequence is present in the intron that precedes exon 23.
In addition, the extra exon was bordered by the ‘AG’ and
‘GT’ splice signals that are nearly always found at the end
and beginning of introns, respectively (Smith & Valcárcel,
2000). The five extra amino acids (EWGNL) in the nasal
KCC4 are in the putative cytoplasmic carboxyl tail of the
protein. When the amino acid sequences of KCC4 and
KCC2 are aligned, the five extra residues in the nasal KCC4
line up with and closely match five amino acids (EWENL)
in KCC2. For NCBE, we detected a new mRNA splice
variant upon sequencing the PCR product from nasal
tissue. The nasal NCBE is missing exon 25 found in the
published sequence (NM 033552).
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Our RT-PCR results are consistent with previous
studies, with two exceptions (KCC2 and NKCC2). In
contrast to the RT-PCR findings of Kaneko et al. (2004)
in rat, we did detect KCC2 in mouse nasal tissue. Our
detection of NKCC2 is surprising, since NKCC2 is known
as a kidney-specific gene (Russell, 2000). In a microarray
screen of 62 mouse tissues including ‘olfactory epithelium’,
NKCC2 was detected only in kidney (Su et al. 2004).
Using RT-PCR, Kaneko et al. (2004) and Reisert et al.
(2005) did not detect NKCC2 in olfactory tissue from rat
and mouse, respectively. Contamination as an alternative
explanation is significantly weakened by the precautions
and ‘no-transcript’ control described in Methods and our
inability to detect another kidney gene, kAE1, in the same
two nasal samples that expressed NKCC2. As an additional
test, nasal tissue was acquired and processed in conjunction
with a blank sample through the RNA extraction, DNase
treatment and RT-PCR reaction. This nasal sample was
positive for NKCC2, as shown by sequencing, while the
control was negative (data not shown).

Our other RT-PCR findings are in accord with
previous reports. Using RT-PCR, Kaneko et al. (2004)
detected NKCC1, NCC, and KCC1 in rat olfactory tissue
and Reisert et al. (2005) detected NKCC1 in mouse
olfactory tissue, as did we in mouse. By microarray analysis
of adult mouse olfactory mucosa, Shetty et al. (2005) found
mRNA expression of AE2, AE3, NKCC1 and KCC4, as did
we by RT-PCR. In that study, other Cl− transporters were
either not tested or gave no signal on the arrays. In micro-
array analysis of a preparation highly enriched in mature
ORNs (taken from postnatal day 11 mice), McClintock
and coworkers detected expression of AE2, NKCC1, KCC2,
KCC3, KCC4, CIP1 and PAT1, while AE1 and SUT2 were
detected primarily in a preparation of olfactory mucosa
depleted of mature ORNs (T. S. McClintock, personal
communication and Sammeta et al. 2007). The other Cl−

transporters were either not represented on the array or
had signals too low to be interpreted. Using RT-PCR, we
detected the same nine transporters in nasal tissue.

Screening by RT-PCR in nasal tissue did not eliminate
many of the candidate Cl− transporters. Several cell
types contribute mRNA to the nasal sample (e.g. ORNs,
respiratory epithelial cells, glandular cells, muscle
cells) and this may explain the large number of Cl−

transporters detected. Ultimately, single-cell RT-PCR or
in situ hybridization will be needed to determine which
transporters are expressed in ORNs, and subsequent
immunostaining could determine subcellular
localizations.

An independent approach is to characterize Cl−

accumulation in ORNs using pharmacological methods
and genetic ablation of specific transporters. As described
in the introduction, the known Cl− transporters can be
grouped into four pharmacological classes. The relative
contributions of these classes were estimated using an

indirect assay of neuronal Cl− accumulation, the electro-
olfactogram (EOG).

The first pharmacological class of Cl− transporters
consists of NKCC1 and NKCC2. It is established that
NKCC1 contributes to Cl− accumulation in ORNs
(Kaneko et al. 2004; Reisert et al. 2005; Nickell et al.
2006). Block of NKCC1 cotransport by bumetanide (Figs 3
and 5D) and genetic knockout of NKCC1 (Nickell et al.
2006) have similar effects on the EOG. Both reduce the
EOG amplitude but leave a substantial response. This
residual response is largely blocked by niflumic acid, which
indicates that the ORNs accumulate Cl− even in the
absence of NKCC function (Nickell et al. 2006). The fact
that the NKCC inhibitor, bumetanide, did not inhibit the
EOG in NKCC1 KO mice (Fig. 3) suggests that any NKCC2
present in nasal tissue contributes little to the olfactory
response. Taken together, these results confirm that
NKCC1 is an important factor in Cl− accumulation but
also demonstrate that, in intact epithelium, other trans-
porters or mechanisms are important and can compensate
for the absence of NKCC1.

The second pharmacological class of Cl− transporters
has a single member, NCC. RT-PCR indicates that NCC
is expressed in nasal tissue (Kaneko et al. 2004; and
Fig. 2B), but inhibition of NCC by hydrochlorothiazide
only slightly reduced the EOG (Fig. 5A). Thus, the
unidentified Cl− uptake mechanisms may be accounted
for by the third or fourth pharmacological classes of Cl−

transporters, i.e. KCC and the Cl−/HCO3
− exchangers.

Cl−/HCO3
− exchangers are known to mediate Cl− uptake.

KCC cotransporters most often mediate outward K+

and Cl− fluxes, but they may operate in the reverse
mode under certain conditions, as discussed below. Our
pharmacological results support the involvement of KCC
or a Cl−/HCO3

− exchanger in Cl− uptake. DIDS, which
blocks many transporters in these two classes, reduced the
EOG amplitude significantly (Fig. 5B, D). This reduction
was clear even when NKCC1 function was eliminated by
genetic ablation (Fig. 5B) or with bumetanide (Fig. 5D).
Thus, there is a mechanism of neuronal Cl− uptake that is
DIDS sensitive and clearly distinct from NKCC1. Studies
of Cl− transporters in other systems have found that cells
often express both NKCC1 and a Cl−/HCO3

− exchanger,
each serving to accumulate Cl− (Evans et al. 2000; Grubb
et al. 2000; Walker et al. 2002). Having two methods of
Cl− accumulation available allows this function to persist
despite changes in the ionic environment. The molecular
identity of the DIDS-sensitive olfactory Cl− transporter
is not yet known. The common anion exchanger AE2 is
an unlikely candidate, since the EOG was found to have a
normal amplitude in AE2 KO mouse pups.

Block by DIDS does not discriminate between
Cl−/HCO3

− exchangers and KCC cotransporters. KCC is
most often assumed to cause extrusion of cytoplasmic Cl−

rather than its accumulation. It seems likely that ORNs do
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have a mechanism for Cl− extrusion. When an effective
transport blocker was applied to the epithelium, the EOG
was reduced within 5 min. This implies a rapid reduction
of neuronal cytoplasmic Cl−. Whether this Cl− extrusion
is via a transporter or a leak channel is unknown.

Unlike NKCC and NCC, KCC has a driving force that
is usually near equilibrium (Payne et al. 2003; Gamba,
2005). In some circumstances, the neuron-specific form
KCC2 has been shown to contribute to accumulation of
cytoplasmic Cl− (DeFazio et al. 2000; Kakazu et al. 2000).
This is favoured when external K+ is elevated or internal
Cl− is low. Ionic concentrations measured at the dendritic
ending of rat ORNs (Reuter et al. 1998; Kaneko et al. 2004)
would support extrusion of Cl− by KCC. During the odour
response, though, it is predicted that both K+ and Cl− will
be greatly depleted from the ciliary lumen (Lindemann,
2001). At that point any KCC in or near the cilia might
serve to recover cytoplasmic Cl− lost during the odour
response. When assayed by immunohistochemistry, some
mouse ORNs show intense dendritic labelling for KCC2
(Schannen & Delay, 2005).

In no case were we able to completely eliminate the Cl−

component of the EOG by blocking and/or ablating Cl−

transporters. For this purpose we simultaneously blocked
NKCC1, NCC and DIDS-sensitive transporters in WT
mice (Fig. 4); blocked NCC (Fig. 5A) or DIDS-sensitive
transporters (Fig. 5B) in NKCC1 KO mice; and blocked
NKCC1 in AE2 KO mice (Fig. 5C). It was expected that
the small cationic component of the transduction current
would remain but not the Cl− component. Niflumic acid
blocks the Cl− component of the EOG. Block of the
remaining EOG by niflumic acid indicates that the ORNs
accumulated Cl− to some extent under all of the conditions
tested. Ensuring that the blockers reached both surfaces of
the mucosa (Fig. 5D) did not modify this conclusion. It
remains possible that there are mechanisms of Cl− uptake
not affected by the blockers at the concentrations we tested.
In general, we used the blockers at concentrations typical
of those reported in other studies (see the references in
the introduction). Dose–response properties for blockers
of many Cl− transporters have been determined but not
in olfactory epithelium. The pharmacologies of several
recently discovered Cl− transporters (e.g. Slc26a11) are
not well described in any system.

To assess neuronal Cl− uptake, we measured the
component of the EOG that was blocked by niflumic acid.
The EOG is believed to arise primarily from the receptor
potentials of the ORNs with little direct contribution
from other epithelial cells (Ottoson, 1956; Scott &
Scott-Johnson, 2002). Several studies support this view.
Transection of the olfactory nerve reduces the number
of ORNs, and the amplitude of the EOG decreases in
parallel (Takagi & Yajima, 1965). Eliminating the primary
neuronal odour transduction pathway is sufficient to
virtually abolish the EOG. This has been demonstrated

in mice lacking the CNGA2 subunit of the CNG channel
(Brunet et al. 1996) or the type III adenylate cyclase (Wong
et al. 2000). These transduction proteins are expressed in
ORNs but not in other cells of the olfactory epithelium
(Bakalyar & Reed, 1990; Dhallan et al. 1990).

It is important to consider whether any of the blockers
used might have reduced the EOG not by reducing
Cl− transport but by directly blocking the transduction
channels. DIDS, for example, is known to block some
Cl− channels. Effects of bumetanide and DIDS on the
two types of transduction channel were determined
in frog, where recording from single olfactory cilia
is possible. At the concentrations used in this study,
extracellular bumetanide and DIDS reduced the ciliary
Cl− conductance by 7% and 13%, respectively; they had no
effect on the CNG conductance. By contrast, perfusion of
both sides of the epithelium with either blocker produced a
much greater reduction of the EOG amplitude (48% with
bumetanide, 57% with DIDS, Fig. 5D). These decreases
are much greater than the direct effects of the blockers on
the membrane channels.

The cellular locations of the Cl− transporters cannot
be inferred from our work. Perfusing the mucosal (apical)
surface of the epithelium with bumetanide reduced the
EOG amplitude by 32% to 36% (Figs 3 and 5C). This
suggests that NKCC1 functions apically but not necessarily
in the cilia; perfusion of the apical surface affects the
cytoplasmic Cl− concentration in at least the most apical
extent of the dendrite (Kaneko et al. 2004). It is possible that
the dendritic endings, like some other dendrites (Gavrikov
et al. 2006) and presynaptic terminals (Price & Trussell,
2006), may regulate cytoplasmic Cl− independently of
the rest of the neuron. However, when both surfaces of
the epithelium were perfused with bumetanide, the EOG
amplitude was more effectively reduced (48%, Fig. 5D).
This greater reduction suggests that basolateral NKCC1
may also influence [Cl−] even in the sensory ending. The
48% reduction on double perfusion is nearly as great as
the reduction from genetic ablation of NKCC1 (57%). It is
likely, then, that double perfusion with 50 μm bumetanide
provides a nearly complete block of NKCC1 activity.

The present results in intact epithelium differ
substantially from those determined in isolated ORNs
(Reisert et al. 2005). In isolated neurons, NKCC1 appears
to be necessary and sufficient for accumulation of Cl−.
Accumulation in intact tissue is more robust and persists
even when NKCC1 is blocked or genetically ablated.
Although the precise reason for this disparity is not
understood, there are obvious differences between the
two preparations. Isolated neurons allow better control
of the extracellular environment and odour delivery.
However, the intact epithelium better preserves the several
extracellular compartments present in vivo. In particular,
the sustentacular cells probably help to regulate the inter-
stitial and apical compartments. It is possible that they
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also contribute more directly to the EOG, but evidence
discussed above indicates that the EOG arises primarily
from the olfactory receptor neurons. In vivo, several
transport systems may be interlinked to simultaneously
regulate not only the intraneuronal Cl−, but also the
volume, pH and resting potential of the ORN. Thus,
generation of an electrochemical gradient may be sub-
stantially more complex in vivo than in isolated ORNs.

In conclusion, Cl− accumulation in ORNs involves
at least two transporters, NKCC1 and a DIDS-sensitive
transporter. The molecular identity of the second is not
known, but it is likely to be a KCC cotransporter or a
Cl−/HCO3

− exchanger.
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