
Electrophysiology and data analysis
Synaptic currents were recorded in HL-3 saline from muscle 6 in segment A2 using a two-
electrode voltage clamp28. For EJC recordings, stimuli consisted of 0.2 ms pulses delivered
at 1 Hz from an isolated pulse stimulator (AM systems 2100), gated by pClamp software
(Axon Instruments). Intracellular glass microelectrodes were filled with 3 M KCl (voltage
monitor electrode, resistance 7–10 MQ) or saturated potassium citrate and 3 M KCl
(current injection electrode, resistance 18–25 MQ). Data were acquired from muscles
clamped at 270 mV, using an Axoclamp 2B amplifier (Axon Instruments), and recorded
with pClamp software. Data were filtered at 1 kHz before analysis. EJC amplitude was
determined from 22–25 contiguous stimuli, and mEJC parameters were measured from
one to two 41-s records, using the minianalysis software (Jaejin Software). Differences
between means were compared using either t-tests (paired comparisons) or analysis of
variance (ANOVA; multiple comparisons) in Microsoft Excel or SigmaPlot.
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Hearing depends on a high K1 concentration bathing the apical
membranes of sensory hair cells. K1 that has entered hair cells
through apical mechanosensitive channels is transported to the
stria vascularis for re-secretion into the scala media1. K1 prob-
ably exits outer hair cells by KCNQ4 K1 channels2,3, and is then
transported—by means of a gap junction system connecting
supporting Deiters’ cells and fibrocytes4—back to the stria vas-
cularis. We show here that mice lacking the K1/Cl2 (K-Cl) co-
transporter Kcc4 (coded for by Slc12a7) are deaf because their
hair cells degenerate rapidly after the beginning of hearing. In the
mature organ of Corti, Kcc4 is restricted to supporting cells of
outer and inner hair cells. Our data suggest that Kcc4 is import-
ant for K1 recycling1,5 by siphoning K1 ions after their exit from
outer hair cells into supporting Deiters’ cells, where K1 enters the
gap junction pathway. Similar to some human genetic syn-
dromes6, deafness in Kcc4-deficient mice is associated with
renal tubular acidosis. It probably results from an impairment
of Cl2 recycling across the basolateral membrane of acid-secret-
ing a-intercalated cells of the distal nephron.

Electroneutral K-Cl co-transporters have roles in cell volume
regulation, transepithelial transport, and in the regulation of
intracellular chloride concentration ([Cl]i). Of the four mammalian
K-Cl co-transporters (Kcc1–4), Kcc1 and Kcc3 are broadly
expressed, whereas Kcc2 is neurone-specific7. In mice lacking
Kcc2, the ensuing rise of neuronal [Cl]i leads to excitatory responses
to the normally inhibitory neurotransmitters GABA (g-aminobu-
tyric acid) and glycine, resulting in spasticity and early postnatal
death8. Although the coupling of Kþ to Cl2 favours efflux and
therefore lowers [Cl]i under many circumstances, K-Cl co-trans-
porters often operate near electrochemical equilibrium and may
also mediate net ion uptake9.

We have now generated mice constitutively lacking Kcc4 (Sup-
plementary Information Fig. 1a), an isoform with hitherto
unknown physiological function. It is predominantly expressed in
kidney, heart, lung and liver10. Western blots indicated that Kcc4
protein was absent in knockout mice (Supplementary Information
Fig. 1c). Kcc42/2 mice were born at the expected mendelian ratio
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and were viable and fertile; however, their body weight was roughly
90% of that of their littermates.

Kcc42/2 mice displayed no obvious abnormalities in activity and
vision. Vestibular and motor function appeared normal on tilted
plates and in rotarod experiments. The absence of acoustic Preyer
reflexes in adult mice indicated severe hearing loss. Auditory brain-
stem responses were recorded from postnatal day 14 (P14) onwards,
shortly after mice begin to hear. At this early age, hearing of Kcc42/2

mice was normal. It quickly deteriorated during the following week
after which mice were nearly deaf, with a hearing loss of 70–80 dB
(Fig. 1). Histological analysis revealed that the inner ear developed
normally and could not be distinguished from wild-type animals at
P14 (Fig. 2a, b). At P21, however, outer hair cells (OHCs) of basal
turns of the cochlea (which mediate high frequency hearing) were
almost totally lost (Fig. 2c, d), whereas inner hair cells were still
present. The degeneration proceeded from basal to apical turns
(Supplementary Information Fig. 2). In adult knockout mice, the
organ of Corti was lost completely in basal turns (Fig. 2f, h). In
apical turns, some hair cells survived, accounting for the residual
hearing ability in adult mice (Fig. 1). Probably as a consequence of
the loss of hair cells11, neurons of the cochlear ganglion degenerated
as well (Fig. 2h). Even in adult knockout mice, however, there was
no collapse of Reissner’s membrane, which separates the scala media
from the scala vestibuli (Fig. 2g, h). This contrasts with mice where
inactivation of transport proteins of the stria vascularis impairs Kþ

secretion11–14, suggesting that Kcc4 is not essential for endolymph
production.

Antibodies raised against Kcc4 were used to determine its
expression pattern (Fig. 3). At P8, before the onset of hearing, the
antibodies stained membranes in the stria vascularis and in almost
all cells of the organ of Corti (Fig. 3a). This included the developing
epithelial and supporting cells, as well as the membranes of OHCs
(Fig. 3c). Outer hair cells were identified by (green) staining for the
Kþ channel KCNQ4 (refs 2, 3), which was present in the entire
basolateral membrane (Fig. 3c, d). At P14, when the organ has
matured to allow hearing, KCNQ4 has reached its adult expression
pattern in the basal membrane of OHCs3 (Fig. 3e, f). At this age,
Kcc4 was no longer expressed in hair cells and the stria, but was
confined to a subset of supporting cells (Fig. 3b, e, g). Deiters’ cells,
which support OHCs at their basal pole and whose extensions are
interposed between these, were labelled along their entire lateral
membranes (Fig. 3e, g). Kcc4 was also present in supporting cells of

inner hair cells (Fig. 3g).
Kþ ions enter sensory hair cells from the Kþ-rich endolymph

through apical mechanosensitive channels. They exit from OHCs
presumably through KCNQ4 Kþ channels2,3 (Fig. 3j). After leaving
OHCs, Kþ must be removed, partially by uptake into Deiters’ cells.
In the potassium recycling model of the inner ear1,5,15–18, Kþ then
diffuses through a gap junction system connecting Deiters’ cells to
adjacent epithelial cells. After passing through a distinct fibrocyte
gap junction system, it then contributes to the Kþ supply for the
secretory stria vascularis (Fig. 3j).

The mechanism of Kþ uptake into Deiters’ cells has remained
unclear. These cells express only very low levels of Na/K-ATPase18,19.
Their membrane conductance is dominated by a Kþ channel20.
Owing to its outward rectification, however, the Kþ channel is
closed at resting voltages20, and hence cannot mediate Kþ uptake.
Our study suggests that Kþ uptake into Deiters’ cells instead occurs
through Kcc4. This resembles Kþ uptake by neuronal K-Cl co-
transporters, which can buffer the extracellular Kþ concentration
([Kþ]o) that can rise during neuronal activity9. Similarly, [Kþ]o rises
in the tunnel of Corti during sound exposure21, an effect expected to
be even more pronounced in the narrow space between OHCs and
Deiters’ cells. Unlike active pumping by the Na/K-ATPase, Kþ

uptake through Kcc4 would be energetically ‘cheap’ and would
occur close to electrochemical equilibrium. Neither the inflow of Kþ

into OHCs through their apical transduction channels, nor its basal
efflux through KCNQ4 or its removal by Kcc4 would directly
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Figure 1 Hearing loss of Kcc4 2/2 mice. Thresholds in peak equivalent sound pressure

level (PE SPL; re 20 mPa) of auditory brain stem responses to clicks in wild-type or

heterozygous (open circles) and knockout (filled circles) mice of different ages. Vertical

bars indicate the standard error of five or more animals.

Figure 2 Inner ear morphology by haematoxylin/eosin staining. a, b, At postnatal day 14

(P14), there is no difference in the organ of Corti between wild-type (a) and knockout (b)

mice. c, d, At P21, outer hair cells (OHCs) are lost in knockout mice (d). e–h, Adult (3

months of age) cochlea turns reveal normal stria vascularis (StV) and Reissner’s

membrane (RM), but a loss of OHCs and neuronal degeneration in the spiral ganglion (SG)

in the knockout (f, h) compared with the wild type (e, g). Three animals per age and

genotype gave similar results. IHC, inner hair cell; OC, organ of Corti; SM, scala media; ST,

scala tympani; SV, scala vestibuli; TM, tectorial membrane.
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require metabolic energy. This makes biological sense, as placing the
main energy source into the stria vascularis takes metabolic stress
away from sensory cells.

The loss of Kcc4 is expected to impede the removal of Kþ ions that
have left OHCs. This would change the ionic composition of the
small extracellular space that surrounds the basolateral membranes
of OHCs, eventually leading to their degeneration. Similarly,
mutations in connexin proteins22 are thought to cause deafness by
blocking Kþ removal further downstream at the gap junction level1.
Deafness caused by KCNQ4 mutations was attributed to chronic Kþ

overload2,3 by impaired Kþ efflux from OHCs. Importantly, OHCs
of Kcc42/2 mice degenerated before Deiters’ cells were lost (Fig. 3h,
i), although Deiters’ cells and not OHCs normally express Kcc4 at
this stage (Fig. 3e, g). This is consistent with a disturbance of
extracellular homeostasis due to impaired salt uptake by Deiters’
cells, and may lead to death of OHCs by osmotic stress or membrane
depolarization. Furthermore, the degeneration began after the onset

Figure 3 Kcc4 in the cochlea. Abbreviations are the same as in Fig. 2. a, b, Confocal

images of cochlear cross-sections at postnatal day 8 (P8) (a) and adult age (b) stained for

Kcc4 (in red) in the wild type (WT). Nuclei are stained in blue (TOTO-3). c, Higher

magnification of the organ of Corti at P8 reveals widespread Kcc4 expression. d, Kcc4 is

absent in the knockout mouse (KO). KCNQ4 (green stain) labels basolateral OHC

membranes, which co-stain (yellow) for Kcc4 in the wild type (c). e, f, Cochlea of wild-type

(e) and knockout (f) mice at P14 stained for Kcc4 (red) and KCNQ4 (green). g, In the adult

wild-type cochlea, Kcc4 (red) is restricted to Deiters’ cells and the phalangeal cell

enveloping the inner hair cell (nuclei; in blue). h, i, Organ of Corti in P17 wild-type (h) and

knockout (i) mice stained with the OHC marker prestin (green)23. Nuclei are stained blue.

Outer hair cells are intact in the organ of Corti in wild-type mice, but are mostly lost in

knockout mice. An OHC nucleus left in the organ of Corti of a knockout mouse is

surrounded by a shrunken membrane containing prestin (arrowhead). Note intact Deiters’

cells. The scale bar in a corresponds to 53 mm in a, b; 12 mm in c; 11 mm in d, e; 25 mm

in f; 7 mm in g; and 13 mm in h, i. j, Model for inner ear Kþ recycling1,5. TC, tunnel

of Corti.

Figure 4 Kcc4 in the kidney. a, Overview of Kcc4-stained (green) kidney cortex. b, Kcc4

(green) in proximal tubules. Brush borders are stained red by phalloidin. c, a-Intercalated

cells (identified by red Hþ-ATPase staining) of the cortical collecting duct (CCD) express

Kcc4 (green). d, Basolateral staining of Kcc4 (green) in CCD intercalated cells (which lack

aquaporin 2 (red)). The scale bar in a corresponds to 31 mm in a; 6 mm in b; and 5 mm in

c, d. e, X-ray microprobe analysis of renal chloride concentrations. In Kcc4 2/2 mice, [Cl]i
(mmol kg21 wet weight) is significantly elevated over wild type in CCD a-intercalated cells

(a-ICs) and in proximal tubular (PT) cells. No significant difference was found in distal

convoluted tubules (DCT), connecting tubules (CNT), nor in CCD principal cells (PC) or

b-intercalated cells (b-ICs). Naþ and Kþ concentrations were unchanged. Greater than

11 cells of each type were measured (from three animals). WT, wild type; KO, knockout.

f, Proposed role of Kcc4 in acid secretion by a-intercalated cells.
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of hearing, possibly related to the increased Kþ influx through
sensory OHCs. Cl2 gradients are important determinants of Kcc4
function, but unfortunately Cl2 transport in the organ of Corti is
poorly understood. As crucial aspects of OHC function depend on
chloride23, one may speculate that changes in [Cl2]o might con-
tribute to compromising OHC function in Kcc42/2mice.

As in some forms of human syndromic hearing loss6, deafness in
Kcc42/2 mice was associated with renal tubular acidosis. The urine
of knockout mice was more alkaline than in wild-type littermates
(pH 7.3 ^ 0.1 (knockout) compared with pH 6.4 ^ 0.1 (wild type);
n ¼ 7 P , 0.001), whereas concentrations of Naþ, Kþ and Cl2 were
not changed. Consistent with a defect in urinary acidification, blood
gas analysis indicated a compensated metabolic acidosis with
significantly decreased base excess. Immunofluorescence revealed
that Kcc4 is expressed in basolateral membranes of several nephron
segments (Fig. 4a–d). Of note, this included a-intercalated cells
(Fig. 4c, d). The apical proton ATPase of a-intercalated cells secretes
Hþ into the lumen of the distal nephron (Fig. 4f). At the basolateral
membrane, acid equivalents are transported by the anion exchanger
AE1 (ref. 24). As basolateral HCO2

3 efflux is coupled to Cl2 uptake,
Kcc4 may be required for basolateral Cl2 extrusion. Energy-dis-
persive X-ray microanalysis was used to compare [Cl]i in renal cells
of wild-type and knockout mice (Fig. 4e). [Cl]iwas unchanged in
principal cells and in the distal convoluted tubule, which express
Kcc4 at low or undetectable levels. By contrast, it was increased in
proximal tubules and particularly in a-intercalated cells of knock-
out mice. High basal [Cl]i in a-intercalated cells of wild-type mice
was described in previous microprobe studies25, but it should be
kept in mind that electron microprobe analysis determines total Cl,
not Cl2 activity. Considering the prominent Cl2/HCO2

3 exchange
activity in a-intercalated cells (Fig. 4f), the rise in [Cl]i predicts a
more alkaline intracellular pH in the knockout mouse. This will
decrease apical Hþ secretion by increasing the electrochemical
gradient against which pumping has to occur. Thus, Kcc4 joins
the Hþ-ATPase6 and the AE1 anion exchanger26 as the third
transport protein of a-intercalated cells whose mutation entails
renal tubular acidosis.

This work has revealed important and unexpected physiological
roles of Kcc4 in the inner ear Kþ transport pathway and in renal
acidification. By removing Kþ from the fluid around OHCs, Kcc4 is
essential for maintaining the integrity of these sensory cells. In the
kidney, Kcc4 is crucial for Cl2 extrusion across the basolateral
membrane of acid-secreting a-intercalated cells. As a consequence,
the loss of Kcc4 leads to deafness associated with renal tubular
acidosis. A

Methods
Disruption of Kcc4
Mouse genomic Kcc4 clones were from a 129/SV l library (Stratagene). MPI2 mouse
embryonic stem cells27 were electroporated with a vector to introduce a neomycin cassette
flanked by loxP sites (floxed), and a third loxP site. Recombinant clones were transfected
with a plasmid expressing Cre-recombinase to remove the two exons coding for the first
two transmembrane spans of Kcc4 (see Supplementary Information Fig. 1). Mouse lines
were established from two independent embryonic stem cell clones. Studies were
performed in a mixed 129SV (ref. 27)/C57Bl6 background. We used appropriate
littermates as controls.

Antibodies
Polyclonal antibodies were raised against a peptide sequence (EKHRNKDTGPSGFKDC)
from the Kcc4 carboxy terminus. Two rabbit sera and one guinea-pig serum proved useful
in western blotting and immunofluorescence—they gave identical results. Their specificity
was confirmed by analysis of Kcc42/2 tissues (Fig. 3c–f; see also Supplementary
Information Figs 1c and 4). We also used polyclonal antisera against KCNQ4 (ref. 3),
prestin and aquaporin 2 (ref. 28), and the monoclonal antibody E11 against the Hþ-
ATPase.

Morphology
Mouse kidney and inner ear sections were prepared and analysed by haematoxylin/eosin
staining and immunofluorescence as described29.

Electron microprobe analysis
Kidneys were shock frozen in an isopentane/propane mixture (1:4) at 2196 8C. One-
micrometre sections were cut on an ultracryomicrotome at 290 8C, and freeze dried.
Element concentrations were determined using a scanning transmission electron
microscope fitted to an X-ray detector system as described30.

Hearing tests
Auditory evoked brain-stem responses (ABR) to clicks were recorded in mice
anaesthetized with Rompun/Ketanest. Acoustic stimulation and recording of evoked
potentials used an Evoselect system (Pilot Blankenfelde). Bioelectric potentials were
recorded by subcutaneous silver electrodes at the vertex (reference), forehead (ground),
and ventrolateral to the stimulated ear. Acoustic click stimuli were delivered mono-aurally
using a Beyer DT-48 earphone, and were monitored with a probe microphone (MK301,
Microtech Gefell) integrated into the earpiece. Calibration was done in a 19 ml volume
using a second probe microphone (Brüel & Kjær 4135) with a sound-level meter (Brüel &
Kjær 2215). Click stimuli had a main component of approximately 200 ms duration and a
flat spectra (^ 5 dB) with an upper corner frequency of 5.5 kHz. Alternating clicks were
applied at a rate of 21 per s and averaged 400–2,000 times.

Urine collection
Mice were kept singly in mouse metabolic cages (PHYMEP) with free access to water
and chow. After adaptation to the cage for three days, urine was collected over 24 h
periods.
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Heterotrimeric G-proteins bind to cell-surface receptors and are
integral in transmission of signals from outside the cell. Upon
activation of the Ga subunit by binding of GTP, the Ga and Gbg
subunits dissociate and interact with effector proteins for signal
transduction. Regulatory proteins with the 19-amino-acid
GoLoco motif1,2 can bind to Ga subunits and maintain G-protein
subunit dissociation in the absence of Ga activation3–7. Here we
describe the structural determinants of GoLoco activity as
revealed by the crystal structure of Gai1–GDP bound to the
GoLoco region of the ‘regulator of G-protein signalling’ protein

RGS14. Key contacts are described between the GoLoco motif and
Ga protein, including the extension of GoLoco’s highly conserved
Asp/Glu-Gln-Arg triad into the nucleotide-binding pocket of Ga
to make direct contact with the GDP a- and b-phosphates. The
structural organization of the GoLoco–Gai1 complex, when
combined with supporting data from domain-swapping exper-
iments, suggests that the Ga all-helical domain and GoLoco-
region carboxy-terminal residues control the specificity of
GoLoco–Ga interactions.

In heterotrimeric G-protein signalling, cell surface receptors
(GPCRs) are coupled to membrane-associated heterotrimers com-
prising a GTP-hydrolysing Ga subunit and a Gb–Gg dimer. Gbg
binds tightly to GDP-bound Ga, enhancing the coupling of Ga to
the receptor and acting as a guanine nucleotide dissociation
inhibitor (GDI) to inhibit spontaneous GDP release8,9. Agonist-
promoted exchange of bound GDP for GTP alters the conformation
of three Ga ‘switch’ regions (I–III) and allows Gbg dissociation and
subsequent effector interactions by both a·GTP and free Gbg.
Intrinsic, or RGS protein-accelerated10, GTP hydrolysis by Ga
returns the subunit to the GDP-bound state and allows Gabg re-
assembly and termination of effector interactions. GoLoco-motif
proteins interact specifically with GDP-bound Gi/o-class Ga sub-
units, preventing both GDP release3–6 and Gbg re-assembly6,7, and
thus permitting continued Gbg–effector interactions in the absence
of Ga activation2. The GoLoco motif is present in RGS12, RGS14,
LOCO, Purkinje-cell protein-2 (Pcp2) and Rap1GAP isoforms, and
is repeated in tandem arrays within the Drosophila protein Rapsy-
noid (also known as Partner of Inscuteable, Pins) and its mamma-
lian homologues AGS3 and LGN (ref. 1). During development of
the Drosophila nervous system, the binding of Pins to Gai, and the
resultant displacement of Gbg, is thought to underlie mitotic
spindle re-orientation, which is critical for the asymmetric cell
divisions exhibited by embryonic neuroblasts and sensory organ
precursor cells7. More recently, the Pins-related protein LGN has
been shown to be essential for mitotic spindle assembly and
organization in mammalian cells11.

To ascertain the structural determinants of selective a·GDP
binding and novel GDI activity exhibited by GoLoco proteins, we
determined the crystal structure of the RGS14 GoLoco region
bound to an adenylyl cyclase-inhibitory Ga subunit (ai1·GDP).
Diffraction data collected from a single crystal at 100 K were used to
refine the structure to 2.7 Å resolution (Supplementary Information
Table A) using the structure of ai1·GDP·Mg2þ as a model for
molecular replacement12.

Of the 36 amino acids of the R14GL peptide (residues r496–r530,
numbered according to full-length rat RGS14), 35 are ordered

Figure 1 ai1·GDP in complex with the RGS14 GoLoco region. a, Ribbon drawing of R14GL

peptide (red) in contact with the Ras-like (green) and all-helical (yellow) domains of Gai1.

Also shown are the three switch regions of Gai1 (blue), GDP (magenta) and Mg2þ (orange).

b, Molecular surface of R14GL (red) and Gbg (cyan) contacts on Gai1·GDP, denoting

shared switch II residue contacts (magenta). Highlighted are Gai1residues that contact the

R14GL peptide and are different within Gao. c, Space fill model of ai1·GDP in its R14GL-

bound conformation (switch regions in blue, aB–aC loop in yellow) and Gb1g2-bound

conformation (in cyan).
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