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The mammalian olfactory system detects an unlimited variety of
odorants with a limited set of odorant receptors. To cope with the
complexity of the odor world, each odorant receptor must detect
many different odorants. The demand for low odor selectivity
creates problems for the transduction process: the initial transduction step, the synthesis of the second messenger cAMP, operates
with low efﬁciency, mainly because odorants bind only brieﬂy to
their receptors. Sensory cilia of olfactory receptor neurons have
developed an unusual solution to this problem. They accumulate
chloride ions at rest and discharge a chloride current upon odor
detection. This chloride current ampliﬁes the receptor potential and
promotes electrical excitation. We have studied this ampliﬁcation
process by examining identity, subcellular localization, and regulation of its molecular components. We found that the Na+/K+/2Cl−
cotransporter NKCC1 is expressed in the ciliary membrane, where it
mediates chloride accumulation into the ciliary lumen. Gene silencing experiments revealed that the activity of this transporter
depends on the kinases SPAK and OSR1, which are enriched in the
cilia together with their own activating kinases, WNK1 and WNK4. A
second Cl− transporter, the Cl−/HCO3− exchanger SLC4A1, is
expressed in the cilia and may support Cl− accumulation. The calcium-dependent chloride channel TMEM16B (ANO2) provides a ciliary pathway for the excitatory chloride current. These ﬁndings
describe a speciﬁc set of ciliary proteins involved in anion-based
signal ampliﬁcation. They provide a molecular concept for the
unique strategy that allows olfactory sensory neurons to operate
as efﬁcient transducers of weak sensory stimuli.
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ammalian olfactory receptor neurons (ORNs) present to the
air a tuft of sensory cilia equipped with odorant receptors.
Upon contact with odorants, these receptors actuate a transduction
cascade that leads to ﬁring of action potentials. This cascade has an
unusual, two-stage organization (1). First, the activated odorant
receptors induce a rise of the second messengers cAMP and Ca2+ in
the cilia, a process that involves cAMP-gated, Ca2+-permeable ion
channels. In the second stage, inﬂowing Ca2+ opens Cl− channels.
By conducting a depolarizing Cl− efﬂux from the cilia, these channels amplify the receptor potential approximately 10-fold, thus
helping to excite the neuron even when stimulation is weak. ORNs
accumulate chloride through the Na+/K+/2Cl− cotransporter
NKCC1 and maintain an elevated intracellular Cl− concentration
(2, 3) to support ampliﬁcation. Accordingly, gene ablation of
NKCC1, as well as the pharmacologic suppression of Cl− accumulation or Cl− efﬂux, strongly inhibits the sensory response of ORNs
(3–5). Although these observations provide a robust concept for
signal ampliﬁcation, several points are still unclear. These concern
both the Cl− accumulation process and the excitatory Cl− currents.
First, the site of NKCC1 expression is controversial. Although Cl−
imaging data pointed to a ciliary localization (2), immunochemical
results suggested that the transporter is restricted to the dendrolateral membrane of ORNs (3). This conﬂict has to be solved
because the site of Cl− uptake is of prime importance for the ciliary
Cl− dynamics. Second, experiments with Nkcc1 knockout mice have
shown that NKCC1 is not the only Cl− transporter active in ORNs
(4, 5). In fact, Nkcc1−/− mice retain the ability to smell, a ﬁnding that
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points to an alternative pathway of Cl− uptake (6). However, it is not
known which additional Cl− transporter operates in the cilia. Third,
the molecular identity of the ion channels that conduct the excitatory Cl− current is not deﬁnitely established. The best candidate
protein is TMEM16B (alias ANO2) (7, 8), but it is not clear whether
this protein is expressed in the sensory cilia. Here we examine these
questions, and we propose a solution to each of them. Our data
demonstrate that NKCC1 is highly concentrated in the ciliary layer
of the olfactory epithelium. The transporter is coexpressed with the
protein kinases SPAK (“STE20/SPS1-related proline/alanine-rich
kinase”) and OSR1 (“oxidative stress-responsive kinase-1”) (9),
as well as with the kinases WNK1 and WNK4 [WNK = “with no
lysine (K) kinase”] (10), all of which are essential for NKCC1
activity. We ﬁnd that the Cl−/HCO3− exchanger SLC4A1 and the
Ca2+-activated Cl− channel TMEM16B are expressed in the cilia.
We propose that this set of seven chloride-related proteins represents the molecular equipment for Cl−-based signal ampliﬁcation.
Results
NKCC1 Expression Is Concentrated in the Sensory Cilia. We studied
the subcellular expression of NKCC1 in cryosections from rodent
olfactory epithelium by immunohistochemistry, using two different antisera, C-14 and S763B. The C-14 antibody, which is directed
against a C-terminal epitope of NKCC1, produced a strong immunosignal at the apical surface of rat epithelium (Fig. 1A). In
genetically modiﬁed mice that express GFP in all mature ORNs
(OMP-GFP mice) (11), we saw that the NKCC1 immunosignal
originated from the top of dendritic knobs, the site of the sensory
cilia (Fig. 1B, Top). In contrast, ezrin, a marker for the microvilli of
supporting cells, was localized to the area between the knobs (Fig.
1B, Bottom). The NKCC1 signal in rat olfactory epithelium was
also colocalized with the ciliary marker protein adenylyl cyclase III
(AC III) (Fig. 1C, Top). An antiserum raised against a phosphorylated N-terminal epitope of NKCC1 (S763B) yielded a
similar staining pattern (Fig. 1C, Bottom). No basolateral NKCC1
immunosignal could be distinguished from background ﬂuorescence. These data demonstrate that the cilia are the predominant site of NKCC1 expression in the rodent olfactory epithelium.
Most of the Ciliary NKCC1 Is Phosphorylated. As the activity of
NKCC1 depends on phosphorylation (12–14), we sought to estimate the degree of NKCC1 phosphorylation in olfactory cilia. The
polyclonal antiserum S763B contains antibodies speciﬁc for the
phosphorylated form of NKCC1 (pNKCC1) and antibodies that
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Fig. 2. Ciliary NKCC1 is highly phosphorylated. (A) Distribution of ﬂuorescence intensities in the ciliary layers of consecutive cryosections stained
either for phosphorylated NKCC1 (black) or for total NKCC1 (red). Each
histogram illustrates the intensity distribution of ≈8.500 pixels, corresponding to ≈7,000 μm2 of ciliary area on six cryosections. Fluorescence
scaling is in arbitrary units (a.u.). (B) Western blot analysis of membrane
proteins from olfactory epithelium stained with the NKCC1 antibody T4. The
bands originating from pNKCC1 (160 kDa) and from nonphosphorylated
NKCC1 (140 kDa) illustrate that the transporter exists predominantly in the
phosphorylated form.

bind to nonphosphorylated NKCC1. If preadsorbed with a
blocking peptide that binds those antibodies that are not phosphospeciﬁc, an immunosignal results that speciﬁcally indicates the
expression of pNKCC1 (15). We prepared 18 serial cryosections
from olfactory epithelium and stained consecutive sections with
the S763B antiserum, alternately with and without the blocking
peptide. In this way, pNKCC1 was speciﬁcally stained in every
second section, whereas all NKCC1 molecules were stained in the
remaining, intercalated sections. The ﬂuorescence intensity of the
resulting immunosignals was measured by image analysis. Fig. 2A
illustrates similar distributions of ciliary ﬂuorescence intensities
for pNKCC1 and total NKCC1, indicating that a large fraction of
NKCC1 is phosphorylated. To quantify this fraction, we used
Western blot analysis with the monoclonal NKCC1 antibody T4,
which was shown to be reliable for this method (16). The T4
antibody stained two discrete bands at 140 kDa and 160 kDa in
Western blots from olfactory epithelium membrane proteins (Fig.
2B), which were previously identiﬁed as NKCC1 and pNKCC1
(13). Densitometric analysis of three Western blots revealed that
pNKCC1 amounted to 86% ± 2.8% of the total NKCC1 content.
Thus, most of the ciliary NKCC1 is phosphorylated and, therefore,
presumably in a state of high transport activity.
NKCC1-Related Kinases Are Clustered in the Cilia. We next asked
which protein kinases are involved in upholding this high level of
Hengl et al.

Phosphorylation by SPAK and OSR1 Is Necessary for NKCC1 Activity.

To assess the relevance of phosphorylation for the regulation of
olfactory NKCC1, we applied a functional assay that allowed us to
compare NKCC1 activity at high and low levels of phosphorylation.
NKCC1 activity cannot be measured directly in the cilia because the
ciliary lumen is too small to permit quantitative ﬂuorescence
measurements or ﬂux assays. We therefore turned to the Odora cell
line, which was derived from ORN precursor cells in rat olfactory
epithelium. Odora cells express various proteins of the olfactory
signal transduction cascade and are able to respond to odorants (17,
18). RT-PCR analysis showed that they express NKCC1 together
with the same set of kinases as ORNs (Fig. S1 A and B), and we
developed a method to monitor NKCC1 activity using a single-cell
ﬂuorescence assay (Materials and Methods). This method is based on
the cytosolic acidiﬁcation induced by NKCC1-mediated NH4+
uptake (Fig. S2 A–C). The initial acidiﬁcation rate ra serves as a
reliable measure for NKCC1 activity. It displays a bumetanide
sensitivity with half-maximal effect of 0.03 μM bumetanide, a Cl−
dependence with an apparent KM of 40 mM, and it depends on
extracellular Na+ (Fig. S2 D–G). Moreover, gene silencing of
NKCC1 in Odora cells causes an 85% suppression of ra (see below).
To reduce NKCC1 phosphorylation by SPAK and OSR1, we
transfected Odora cells with siRNAs designed to silence the genes that
encode these kinases. The mRNA levels of both kinases were reduced
by >90% on the third day after siRNA transfection (Fig. S1C). The
PNAS | March 30, 2010 | vol. 107 | no. 13 | 6053
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Fig. 1. Apical expression of NKCC1 in the olfactory epithelium. (A) Cryosections
of rat olfactory epithelium stained with the NKCC1-speciﬁc antibody C14 (green)
and the nuclear stain DAPI (blue). Most nuclei of the stratiﬁed epithelium belong
to ORNs. The uppermost nuclear layer marks the epithelial supporting cells (SC).
Dendrites of ORNs reach the apical surface of the tissue, where their cilia (C) form
the chemosensory surface of the tissue. Right: Loss of C14 signal upon preadsorption (PA) with its antigen. (B) Confocal images of distal dendrites and
dendritic knobs of ORNs from an OMP-GFP mouse. The NKCC1 immunosignal is
on the distal surface of the knob, the microvilli-speciﬁc ezrin signal is between
knobs. Only the thick proximal segments of the cilia (diameter ≈0.2 μm) are
visible. The thinner distal segments (diameter <0.1 μm) are either broken off or
not resolved by the confocal optics. (C) Staining of NKCC1 is colocalized with the
ciliary marker protein AC III (red). A second NKCC1 antibody, S763B, yields a
similar ciliary immunosignal (Bottom). Imaging parameters were adjusted so as
to prevent signal saturation in the ciliary layer. Much weaker signals originating
from the dendrolateral membranes could not be detected at these settings.
(Scale bars, 20 μm in A and C; 2 μm in B.)

phosphorylation. NKCC1 is a substrate for the two protein kinases
SPAK and OSR1 (9, 12). These kinases are themselves activated
by the protein kinases WNK1 and WNK4 (10), which therefore
participate indirectly in the control of NKCC1 activity. In cDNA
obtained from FACS-puriﬁed ORNs, NKCC1, SPAK, OSR1,
WNK1, and WNK4 were present, whereas no WNK3 message was
detected (Fig. 3A). Protein expression was examined by Western
blots using antisera directed against SPAK, OSR1, WNK1, and
WNK4. The antibodies labeled bands at the expected molecular
size of their respective antigens (Fig. 3B). In cryosections of rat
olfactory epithelium, the antisera directed against SPAK and
OSR1 produced a robust and speciﬁc immunosignal that colocalized with AC III in the ORN cilia (Fig. 3C). The kinases WNK 1
and WNK 4 displayed the same polarized expression in the cilia
(Fig. 3D). All four kinases were localized to the cilia emanating
from the dendritic knobs, but they were absent from the microvilli
(Fig. 3E). Thus, the entire complement of molecules involved in
Cl− accumulation by NKCC1 is expressed in the sensory cilia.

Fig. 3. Expression of NKCC1-related protein kinases in ORN cilia. (A) RT-PCR
analysis on cDNA obtained from FACS-puriﬁed ORNs demonstrates the transcription of NKCC1 (694 bp) and of the NKCC1-related kinases SPAK (604 bp),
OSR1 (734 bp), WNK1 (434 bp), and WNK4 (831 bp) in ORNs. WNK3 (753 bp) is
not expressed. Actin (320 bp) served as control. (B) In Western blots on lysates
from olfactory epithelium, kinase-speciﬁc antibodies detect the NKCC1related kinases SPAK (60 kDa), OSR1 (58 kDa), WNK1 (250 kDa), and WNK4
(155 kDa). (C and D) Ciliary localization of NKCC1-related kinases. Immunosignals from cryosections of olfactory epithelium illustrate that the highest
expression level of all four kinases is in the ciliary layer, where the kinases are
colocalized with AC III. Blue signals are nuclear DAPI stains. (E) High-resolution
images of ORN dendrites and knobs from an OMP-GFP mouse (green) illustrate that the site of kinase expression is not in the layer of supporting cell
microvilli (stained by ezrin) but instead on the apical side of the dendritic
knob, in the sensory cilia. [Scale bars, 20 μm in D (for C and D); 2 μm in E.]

effects of siRNA transfection on NKCC1 activity are shown in Fig. 4.
Silencing either SPAK or OSR1 induced a signiﬁcant reduction from
the control activity. Cotransfection of both siRNAs had a similar
effect, and cells transfected with both siRNAs still displayed a residual
bumetanide sensitivity because 30 μM bumetanide, added 5 min
before the measurement, further reduced ra. Finally, transfecting cells
with siRNA targeted at NKCC1 directly had the strongest effect. Our
results demonstrated that gene silencing of NKCC1-related kinases
reduced NKCC1 activity by approximately 60% (Fig. 4), providing
strong qualitative evidence for the dependence of olfactory NKCC1
activity on phosphorylation.
NKCC1 Activity Is Not Controlled by Feedback Inhibition. ORNs
express WNK1 and WNK4, but not WNK3 (Fig. 3A). This is
interesting because WNK3 is thought to protect cells from excessive Cl− accumulation, probably a vital function for neuronal
inhibition in the central nervous system, the main site of WNK3
expression. Its absence from ORNs suggests that the ciliary
NKCC1 transporter is not subject to feedback inhibition at elevated Cl− concentrations and allows, instead, unrestricted Cl−
accumulation. To examine this point, we measured NKCC1
activity in Odora cells at various Cl− concentrations in the cytosol.
We ﬁrst determined the equilibrium relation between the intracellular Cl− concentration [Cl−]i and the extracellular Cl− concentration [Cl−]o. This relation was [Cl−]i = 6.1 mM + 0.7 [Cl−]o
6054 | www.pnas.org/cgi/doi/10.1073/pnas.0909032107

Fig. 4. Silencing of NKCC1-associated protein kinases reduces NKCC1
activity. Decrease of NKCC1 activity 3 days after siRNA transfection of Odora
cells. Transport activity was monitored by the acidiﬁcation rate ra, which was
(13.0 ± 3.5 10−3s−1; 9 cells) under control conditions (cells transfected with
inert siRNA) and decreased through siRNA treatment directed against SPAK
(5.0 ± 3.6 10−3s−1; 7 cells), OSR1 (5.4 ± 3.9 10−3s−1; 9 cells), and both SPAK and
OSR1 (5.7 ± 3.8 10−3s−1; 10 cells). This treatment left a residual NKCC1
activity that could be inhibited by 30 μM bumetanide (3.3 ± 1.4 10−3s−1;
3 cells). Gene silencing of NKCC1 itself reduced the activity to a similar level
(2.0 ± 2.8 10−3s−1; 5 cells). Thus, gene silencing of the NKCC1-associated
kinases reduced NKCC1 activity by ≈60%.

(Fig. S3). To measure the initial acidiﬁcation rate at a test value of
[Cl−]i, cells were ﬁrst held at the corresponding [Cl−]o for 30 min to
allow equilibration according to this relation. The extracellular
solution was then stepped to 150 mM [Cl−]o plus 5 mM NH4+, and
ra was measured. Fig. 5A shows that ra declined with increasing
values of [Cl−]i. The data were ﬁtted with ra = ramax − (ramax ×
[Cl−]i)/([Cl−]i) + KM), with ramax = 30 × 10−3s−1 and KM = 30 mM.
Plotting these ra values against the free energy for NKCC1mediated transport:
½Nai ½Ki ½Cl2i
ΔG ¼ RT·ln
½Nao ½Ko ½Cl2o
showed that the dependence of ra on ΔG was logarithmic (Fig.
5B). This indicates that the Na+/K+-coupled Cl− uptake into

Fig. 5. NKCC1 activity at high levels of intracellular Cl−. (A) Transport
activity monitored by the initial acidiﬁcation rate ra at [Cl−]o = 150 mM and
increasing intracellular Cl− concentrations [Cl−]i. (B) Relation between ra and
the calculated driving force for NKCC1. Data from A do not deviate from the
simple logarithmic relation that characterizes the dependence of NKCC1
transport rate on the free energy, ΔG, of the coupled transport. No evidence
is detectable for transport inhibition at high levels of [Cl−]i.
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Fig. 7. Signal ampliﬁcation strategy of olfactory sensory cilia. Model depicting
the interplay of transduction proteins (green) and ampliﬁcation proteins (red) in a
sensory cilium as outlined in the text. AC, adenylyl cyclase III; ANO2, Ca2+-activated
Cl− channels containing the protein TMEM16B/ANO2; CNG, cAMP-gated cation
channel; G, GTP-binding protein Golf; NaCaX, Na+/Ca2+ exchanger; NKCC1, Na+/K+/
2Cl− cotransporter; OR, olfactory receptor; OSR1, oxidative stress-responsive
kinase-1; SLC4A1, Cl−/HCO3− exchanger; SPAK, STE20/SPS1-related proline/alanine-rich kinase; WNK1 and WNK4, with no lysine (K) kinases.

proteome, the most prominent Cl− transporter apart from NKCC1
is SLC4A1 (20). We found mRNA encoding this transporter in
cDNA from FACS-puriﬁed ORNs, and we localized its mRNA
speciﬁcally to ORNs using in situ hybridization (Fig. 6A). SLC4A1
message was not detected in supporting cells, nor was it expressed
in respiratory epithelium. Using a SLC4A1-speciﬁc antiserum, we
observed a single band at the appropriate molecular size of 100
kDa in Western blots prepared from olfactory epithelial proteins
(Fig. 6A). In cryosections the antiserum revealed virtually exclusive
expression at the apical surface of the olfactory epithelium, where
SLC4A1 was coexpressed with AC III (Fig. 6C, Top). Expression
was localized to the proximal segments of the cilia (Fig. 6D).

Discussion
Each odorant receptor in the mammalian nose has a wide spectrum
of cognate ligands. This enables the olfactory system to detect and
distinguish a practically unlimited variety of chemical substances
with only approximately 1,000 different odorant receptors (26–28).
In fact, odor discrimination is a combinatorial process; the sensory
information is not contained in the response of a single ORN but in
the combined activity of all ORNs. Although the read-out from
many low-selectivity receptors can provide precise sensory information (29), the weak interaction between odorants and their
receptors constitutes a severe problem for signal transduction.
Bhandawat et al. (30) have demonstrated that the dwell time of an
odorant at its receptor is less than 1 ms. This brief interval limits the
activation of the GTP-binding protein Golf and its target enzyme AC
III in the ciliary membrane. Indeed, the rate of odor-induced cAMP
synthesis in the ciliary lumen was shown to be in the range of 10–50
μM/s in amphibian ORNs (31). Odor discrimination happens within
100 ms after contact with the stimulus (32, 33), and the cAMP
concentrations can reach only a few micromolars within this time.
Although the physiologic cAMP levels during normal snifﬁng have
not been measured in mammals yet, it is clear that ORNs have to
operate at very low second-messenger concentrations. The solution
seems to be the chloride-based signal ampliﬁcation, for which the
ORN cilia are perfectly equipped.

Sensory Cilia Express the Ca2+-Activated Cl− Channel TMEM16B (ANO2).

Cl− Accumulation from the Mucosal Fluid: NKCC1 and SLC4A1. In the

Odora cells is solely governed by the driving forces of the contributing ions. It does not point to any Cl−-dependent inhibition.
In case of an inhibitory feedback the plot in Fig. 5B would
deviate from linearity at elevated [Cl−]i levels (19). Our results
demonstrate the lack of feedback inhibition on NKCC1 at elevated levels of [Cl−]i, a ﬁnding that is consistent with the lack of
WNK3 expression in ORNs.
Sensory Cilia Express the Cl−/HCO3− Exchanger SLC4A1. In the ciliary

2+

−

The ciliary proteome contains one prominent Ca -activated Cl
channel: TMEM16B (alias: ANO2). The family of TMEM16 (alias:
Hengl et al.

rodent olfactory epithelium, we ﬁnd NKCC1 expression only in
ORNs. This observation is in accordance with the earlier result that
PNAS | March 30, 2010 | vol. 107 | no. 13 | 6055
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Fig. 6. Expression of SLC4A1 and TMEM16B in sensory cilia. (A) In situ
hybridization of an SLC4A1 antisense RNA probe illustrates the transcription
of the exchanger gene in ORNs but not in supporting cells (SC) and submucosal
tissue (SM). (Right) Western blot analysis with an SLC4A1-speciﬁc antiserum
detects a single band at 100 kDa in protein extract from olfactory epithelium.
The signal is abolished by preadsorption to the antigen (PA). (B) In situ
hybridization of a TMEM16B antisense RNA probe illustrates the transcription
of the channel gene in mature ORNs (mORN) but not in immature neurons
(imORNs), supporting cells (SC), or submucosal tissue (SM). (Right) Western
blot analysis with a TMEM16B-speciﬁc antiserum detects a single band at 110
kDa in protein extracts from olfactory epithelium. The signal is abolished by
preadsorption to the antigen (PA). (C) The antisera against SLC4A1 and
TMEM16B speciﬁcally stain cilia in cryosections from olfactory epithelium,
where the proteins colocalize with AC III. Blue signals are nuclear DAPI stains.
(D) High-resolution images of single dendritic knobs from an OMP-GFP mouse
illustrate that the expression of SLC4A1 and TMEM16B is detected in the
proximal cilia. (Scale bars, 20 μm in A–C; 2 μm in D).

anoctamin) proteins have recently been shown to form Ca2+-activated
Cl− channels (7, 21–24). The mRNA of this protein was located in
rodent ORNs (8, 25), and TMEM16B is the only of the 10 TMEM16
isoforms present in the ciliary proteome (8, 20). We detected the
mRNA expression of TMEM16B in cDNA obtained from ORNs that
were FACS puriﬁed. In situ hybridization revealed that the message
was speciﬁcally expressed in mature ORNs (Fig. 6B). The message was
absent from immature ORNs as well as from supporting cells and
from the respiratory epithelium. We generated an isoform-speciﬁc
polyclonal antiserum that was afﬁnity puriﬁed and used for Western
blot analyses. It stained a single band at 110 kDa, the predicted
molecular size of TMEM16B (Fig. 6B, Right). In cryosections from
rat olfactory epithelium, the antiserum produced an immunosignal
speciﬁcally in the cilia, where it colocalized with AC III (Fig. 6C,
Bottom). Higher resolution shows expression of the channel in the
proximal cilia (Fig. 6D).

Nkcc1 promotor activity in this tissue is restricted to ORNs and is
absent from supporting cells (3). In an electron microscopic study in
rat olfactory epithelium, the T4 antibody reported NKCC1
expression in supporting cells as well as in ORN cilia (34). Because
the Nkcc1 gene is not expressed in supporting cells (3), and because
the T4 antibody shows nonspeciﬁc staining in retina (35), these data
must be interpreted as a cross-reaction of T4. The transport activity
of NKCC1 depends on the phosphorylation of four threonine residues in its N terminus (Thr-194, Thr-198, Thr-203, and Thr-208 in
rat NKCC1). The kinases that mediate NKCC1 phosphorylation are
SPAK and OSR1, both members of the germinal center kinase
(GCK)-VI subfamily (9, 12, 36–38). Both kinases are regulated by
the WNK family of protein kinases (10). Through their effects on
SPAK/OSR1, WNK kinases control members of the SLC12 family
of Cl−/cation cotransporters (NKCCs, KCCs, NCC) and thereby
play a pivotal role in cellular Cl− homeostasis (39). Recent studies
have revealed that WNK1 and WNK4 phosphorylate OSR1 and
SPAK (40–43) and thereby promote phosphorylation and activation
of NKCC1. Our data show that all four kinases, SPAK, OSR1,
WNK1, and WNK4, are expressed in ORN cilia, and SPAK and
OSR1 are both necessary for maximal activation of the transporter.
The ﬁve proteins are thought to form a supramolecular complex:
SPAK and OSR1 bind to NKCC1 (44), whereas WNK1 and WNK4
bind to SPAK/OSR1 (42, 43). The kinase WNK3 is absent from
ORNs. Among the four WNK kinases, WNK3 shows the highest
expression in the brain, and WNK3 is thought to act as a Cl− sensor
involved in protecting cells from excessive Cl− accumulation (45–
47). The absence of WNK3 from ORNs, the simple thermodynamic
basis of NKCC1 activity seen in our transport assay, and the absence
of the main neuronal Cl− exporter KCC2 (2) all illustrate that these
neurons dispense with means for intracellular Cl− reduction and
instead optimize Cl− accumulation.
Olfactory cilia are embedded in the mucosal ﬂuid, a medium with
a distinct ion composition including ≈50 mM Cl− (48). In a study of
Cl− dynamics in the olfactory epithelium (2) we observed a standing
intracellular Cl− gradient in ORNs when extracellular Cl− was
stepped from 50 mM to 150 mM. The orientation of this gradient
indicated that Cl− entered the ORNs via the cilia. In contrast to this
notion, immunohistochemical examinations of Nkcc1+/− mice suggested that the transporter was only expressed in the dendrosomatic
membrane of ORNs (3), whereas our data clearly show a polarized,
ciliary expression. This discrepancy may reﬂect differences in tissue
treatment or problems with antigen recognition by the antibodies
used, but the precise reason for these inconsistent results is not
known. We would like to stress that our data demonstrated consistently the ciliary colocalization of ﬁve different proteins, which all
must coassemble for effective Cl− accumulation. Together with the
prominent representation of NKCC1 in the ciliary proteome (8, 20)
and the functional evidence for Cl− uptake through the cilia (2), this
polarized expression of the entire Cl− accumulation complex represents compelling evidence for the hypothesis that ORN cilia
obtain their Cl− primarily from the mucosal ﬂuid.
ORNs of Nkcc1−/− mice retain substantial Cl− accumulation (4, 5).
This Cl− uptake pathway is sensitive to DIDS (4,4′-diisothiocyanatostilbene-2,2′-disulfonic acid) and contributes approximately 40% to
the total Cl− accumulation capacity. Our data obtained by proteomics and immunochemistry demonstrate that the Cl−/HCO3−
exchanger SLC4A1 is expressed in the ORN cilia. This ﬁnding
points to an additional route for ciliary Cl− uptake, one that does
not depend on cation cotransport. It seems that the cilia are able to
fuel Cl− uptake by synthesizing HCO3− from CO2, thus driving
ciliary SLC4A1 to accumulate Cl−. The precise contribution of this
transport pathway needs to be examined under in vivo conditions
with respect to pH buffering, CO2 concentration, and Cl− activity.
Taken together, our data indicate that the cilia of ORNs accumulate Cl− predominantly from the mucosal ﬂuid.
6056 | www.pnas.org/cgi/doi/10.1073/pnas.0909032107

Excitatory Cl− Current. The TMEM16B gene is selectively transcribed

in mature ORNs, and protein expression is limited to the sensory cilia.
This ﬁnding is consistent with electrophysiologic measurements from
native Ca2+-activated Cl− channels (49, 50). Two recent reports on
the heterologous expression of TMEM16B in HEK 293 cells (7, 8)
revealed that TMEM16B produced Ca2+-activated Cl− channels with
functional properties that closely matched the properties of native
Ca2+-activated Cl− channels examined in the ciliary membrane by
patch-clamp analysis (51). Moreover, when a TMEM16B-EGFP fusion protein was expressed in olfactory epithelium by adenoviral gene
transfer, the protein was detected in somata, dendrites, and cilia (8),
demonstrating that TMEM16B is able to use the ciliary targeting machinery. Together, these ﬁndings strongly support the hypothesis that
TMEM16B is part of the ciliary Cl− channel and may contribute to the
excitatory Cl− current during odor detection.
Molecular Concept: Increasing the Gain of Olfactory Transduction.

Because of the weak interaction of odorants with their receptors, the
initial metabotropic transduction step (Fig. 7, green), the odorinduced synthesis of cAMP, operates with low efﬁciency (30, 31). A
few μM cAMP is, however, sufﬁcient to activate the cAMP-gated
transduction channels. These channels respond to 1–10 μM cAMP,
conduct Ca2+ and monovalent cations into the ciliary lumen (52, 53),
and generate an initial receptor potential that amounts to <10% of
the total receptor potential, as can be gleaned from electroolfactographic measurements in mice. The cAMP-dependent Ca2+ inﬂux
serves as a trigger that sets off a much larger Cl− efﬂux. To maintain
these Cl− currents, the cilia express an entire complement of proteins
involved in Cl− accumulation (Fig. 7, red), with NKCC1 and SLC4A1
providing the pathways for Cl− uptake. Chloride accumulation
operates continuously and maintains the ciliary Cl− concentration at
the level of the mucosal ﬂuid (≈50 mM). These processes charge the
resting cilium with Cl− and enable it to discharge a large, excitatory
Cl− efﬂux through TMEM16B-containing channels in response to
odor stimulation. The output of the cilium is an electrical signal that
elicits action potentials in the dendritic membrane (54).
Materials and Methods
Animals. Olfactory epithelium was obtained from 6–24-week-old Wistar rats
and OMP-GFP mice. All experimental procedures were performed in
accordance with the Animal Protection Law and the guidelines and permissions of Heidelberg University.
Molecular Characterization of Transcripts and Proteins. For technical details
on FACS puriﬁcation of ORNs, on RT-PCR, in situ hybridization, generation
of antisera, immunohistochemistry, Western blots, and gene silencing, see
SI Materials and Methods.
NKCC1 Activity Assay. Odora cells (17) were kindly provided by Dr. Dale Hunter
(Tufts University) and cultivated in minimum essential medium (M2279;
Sigma-Aldrich), supplemented with 10% FBS (F7524; Sigma-Aldrich), 1%
penicillin/streptomycin (G6784; Sigma-Aldrich), and 1% nonessential amino
acids (M7145; Sigma-Aldrich) at 33 °C, 7% CO2. Cells were incubated with 17.6
μM SNARF-1(Molecular Probes, Invitrogen) for 1 h at room temperature. The
bath solution contained (in mM) 140 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 10 glucose,
and 10 Hepes, pH 7.4 (NaOH). For the assay, a single cell was excited at 510 nm,
and ﬂuorescence emission was recorded (λem = 580 and 640 nm) through a 40×/
n.a. 1.2 oil immersion lens by two photomultipliers. The ﬂuorescence intensity
signals were low-pass ﬁltered at 30 Hz, sampled at 100 Hz, and stored with a
self-written program. To determine NKCC1 activity, we measured the bumetanide-sensitive fraction of the pH change induced by NH4+ uptake during
the application of 5 mM NH4Cl (replacing KCl). The initial phase of acidiﬁcation
was analyzed for NKCC1 activity according to dpH/dt = −ΔpH/τ = ra. The
two parameters ΔpH and τ were obtained by ﬁtting the relation [pH(t) = pH0 +
ΔpH × exp(−t/τ)] to the time course of acidiﬁcation, as described in Fig. S2.
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