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Our skin is richly innervated by mechanosensitive sensory fibers 
originating from the trigeminal and dorsal root ganglia (DRG). 
The most sensitive sensory afferents, called mechanoreceptors, 
have large, thickly myelinated axons and underpin our sensation 
of touch. Cutaneous mechanoreceptors do not represent a uniform 
population, but rather different mechanoreceptor types are function-
ally specialized to detect and encode different aspects of touch. For 
example, different mechanoreceptors are tuned to detect different 
qualities of touch, such as vibration, static indentation or stretch1,2. 
This modality specificity depends on the stimulus–response rela-
tionship and coding properties of the receptor and has been partly 
attributed to the mechanical properties of the so-called end organ3,4. 
Mechanoreceptors can encode the roughness of surfaces by acting as 
edge detectors that fire spikes at each surface irregularity as the finger-
tip is scanned across a surface1,5,6. Scanning textured surfaces is thus 
analogous to confronting mechanoreceptors with a complex vibration 
the frequency components of which are determined by the scan speed 
and the surface texture7. Notably, different types of mechanoreceptor 
have a characteristic tuning to certain frequency ranges that are likely 
to function in their ability to encode texture. The tuning of specific 
mechanoreceptors to certain types of mechanical stimulation must 
also be determined by the specific combination of voltage-gated ion 
channels a given mechanoreceptor expresses. The identity of such 
channels is likely to shed light on the mechanisms by which mech-
anoreceptor neurons are tuned to different frequency ranges.

KCNQ (Kv7) proteins form a distinct branch of the large Kv gene 
family of tetrameric K+ channels8. KCNQ2 and KCNQ3 are almost 
exclusively found in neurons9, whereas KCNQ4 and KCNQ5 are 
found in neurons10–13 as well as in other tissues such as smooth and 
skeletal muscle13,14. KCNQ2–5 show properties of M currents, K+ 
currents that are already partially open at resting potentials of neurons 
and that are highly regulated by G protein–coupled receptors includ-
ing muscarinic acetylcholine receptors15–17. Their role in regulating 
neuronal excitability is best exemplified through the study of KCNQ2 
and KCNQ3 mutations, which lead to benign familial neonatal con-
vulsions in humans9,18. Loss of KCNQ2 function impairs neuronal 
spike-frequency adaptation and leads to epilepsy in mice also19,20. 
Moreover, immunocytochemistry analysis shows that KCNQ2, 
KCNQ3 and KCNQ5 are expressed in DRG neurons21, where they 
may modulate pain sensitivity22.

KCNQ4 is mutated in humans with DFNA2, a slowly progress-
ing, autosomal dominant form of human hearing loss12. KCNQ4 is 
expressed in mechanosensitive cochlear outer hair cells10,12, where it 
contributes to their resting membrane potential23. Loss of KCNQ4 
function impairs hearing by interfering with the electromotility of 
sensory outer hair cells and, most importantly, by causing their pro-
gressive degeneration23. The expression of KCNQ4 in the CNS is 
restricted to certain structures in the brainstem, most notably to nuclei 
and tracts of the central auditory pathway and to trigeminal ganglia10. 
The role of trigeminal neurons in somatosensation prompted us to 
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Mutations inactivating the potassium channel KCNQ4 (Kv7.4) lead to deafness in humans and mice. In addition to its expression 
in mechanosensitive hair cells of the inner ear, KCNQ4 is found in the auditory pathway and in trigeminal nuclei that convey 
somatosensory information. We have now detected KCNQ4 in the peripheral nerve endings of cutaneous rapidly adapting hair 
follicle and Meissner corpuscle mechanoreceptors from mice and humans. Electrophysiological recordings from single afferents 
from Kcnq4−/− mice and mice carrying a KCNQ4 mutation found in DFNA2-type monogenic dominant human hearing loss 
showed elevated mechanosensitivity and altered frequency response of rapidly adapting, but not of slowly adapting nor of D-hair, 
mechanoreceptor neurons. Human subjects from independent DFNA2 pedigrees outperformed age-matched control subjects 
when tested for vibrotactile acuity at low frequencies. This work describes a gene mutation that modulates touch sensitivity in 
mice and humans and establishes KCNQ4 as a specific molecular marker for rapidly adapting Meissner and a subset of hair 
follicle afferents.
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investigate whether KCNQ4 is also present in sensory neurons of the 
DRG. Indeed, we found KCNQ4 in a small subset of DRG neurons 
and show that these represent two subtypes of rapidly adapting, low-
threshold mechanoreceptors (RAMs). In the periphery, KCNQ4 chan-
nels are expressed in lanceolate endings and circular nerve fibers of 
hair follicles and in Meissner bodies, at sites where they can modulate 
stimulus–excitation coupling. In people with DFNA2, loss of KCNQ4 
function increases their sensitivity to low-frequency vibration, and in 
mice, KCNQ4 mutations disrupt proper tuning of the mechanorecep-
tor response. Thus KCNQ4 modulates mechanosensitivity both in the 
cochlea and in the cutaneous sensory system, resulting in deafness 
and increased touch sensitivity, respectively.

RESULTS
KCNQ4 is expressed in a subset of mechanoreceptors
As KCNQ4 is present in neurons of somatosensory trigeminal ganglia 
in the brainstem10, we asked whether it might also be found in DRG 
neurons that subserve body tactile sensation. Immunohistochemistry 
(IHC) for KCNQ4 in DRG sections showed specific labeling of 
approximately 10% of DRG neurons from Kcnq4+/+ mice (Fig. 1a), 
but we observed no labeling in tissue sections from Kcnq4−/− mice 
(Fig. 1b). KCNQ4 protein was detected both at the plasma mem-
brane and in intracellular puncta that are probably vesicular in nature 
(Supplementary Fig. 1b). All KCNQ4-positive DRG neurons were 
myelinated, as indicated by staining for neurofilament 200 (NF200) 
(Fig. 1a), and had medium to large cell size (810.6 ± 23.1 µm2, s.e.m.; 
n = 131, Supplementary Fig. 1a). KCNQ4-positive neurons expressed 
neither nociceptor markers such as vanilloid receptor TRPV1 or 
the NGF receptor TrkA (data not shown), nor the proprioceptor 
marker parvalbumin (Fig. 1c), suggesting that they may represent 
low-threshold mechanoreceptors (LTMs). We next co-stained sec-
tions for KCNQ4 and either the receptor tyrosine kinase c-Ret or 
the transcription factor MafA, which have both been reported to be 
specific LTM markers24,25. Indeed, all KCNQ4-expressing neurons  
were immunopositive for c-Ret and most were MafA positive  
(Fig. 1d,e). MafA-positive neurons in the spinal cord24, however did 
not stain for KCNQ4 (Supplementary Fig. 2). Moreover, KCNQ4-
positive neurons could be back-labeled from the skin using a retro-
grade tracer (Alexa Fluor 488–coupled dextran) (Fig. 1f), suggesting 
that they are cutaneous mechanoreceptors.

KCNQ4 could be detected in the sensory endings of a subset of 
RAMs (Fig. 2), namely lanceolate and circular nerve endings around 
hair follicles (Fig. 2a), as well as in Meissner corpuscles in glabrous 
(non-hairy) skin (Fig. 2c), but was absent from Kcnq4−/− tissue (Fig. 2b  
and Supplementary Fig. 3a,b). We visualized sensory endings in 

the skin using double immunostaining with antibodies specific for 
NF200 or the calcium-binding protein S100b. Notably, consistent with 
KCNQ4 expression in trigeminal ganglion neurons10, we also saw 
prominent KCNQ4 labeling at nerve endings surrounding sinus hairs 
of whisker pads (Supplementary Fig. 3c). In the glabrous skin of the 
footpads, Merkel cell–neurite complexes represent slowly adapting 
mechanoreceptors (SAMs)1. We did not detect KCNQ4 protein in 
Merkel cells, nor in their associated nerve fibers (Fig. 2e).

KCNQ4 was not detected in Pacinian corpuscle endings (Fig. 2d), 
another type of RAM best tuned to frequencies above 100 Hz (ref. 26). 
In this case we used sections of the interosseous membrane, which 
is enriched for these corpuscles. These results were obtained with 
two different antibodies, both of which detected KCNQ4 in skin and 
cochlear hair cells10 in parallel control experiments (data not shown). 
We conclude that KCNQ4 is present in a subset of RAMs, where it 
is targeted to the peripheral endings where mechanical stimuli are 
transformed into action potentials.
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Figure 1 KCNQ4 is expressed in a subset of DRG neurons. (a–f) DRG 
sections from Kcnq4+/+ (a,c–f) and Kcnq4−/− (b) mice were labeled 
by immunofluorescence with antibodies specific for KCNQ4 (antibody 
rbKCNQ4KC in a–d,f; antibody gpKCNQ4A in e), NF200 (a,b), 
parvalbumin (PV, c), c-Ret (d) and MafA (e). Insets, magnified view of 
indicated area. (a) All neurons expressing KCNQ4 also expressed NF200. 
Of 860 DRG neurons from eight sections, 10.1 ± 1.1% (s.e.m.) were 
labeled for KCNQ4. (b) KCNQ4 labeling is absent in Kcnq4−/− mice.  
(c) KCNQ4-expressing neurons are not labeled for the proprioceptor 
marker parvalbumin. (d) Coexpression of KCNQ4 and c-Ret. Of KCNQ4-
positive neurons, 92.7 ± 2.4% also expressed c-Ret (s.e.m., n = 197).  
(e) Coexpression of KCNQ4 and MafA. Of KCNQ4-expressing cells, 89.7 ± 
4.3% (s.e.m., n = 116) expressed MafA. (f) Retrograde labeling with Alexa 
Fluor 488–dextran (dextran 488; green, arrow) demonstrates peripheral 
projection of KCNQ4-expressing DRG neurons (red, arrow) into the skin. 
Nuclei were labeled with DAPI (blue). Scale bars: 100 µm (a–d) and  
50 µm (e,f). Boxed areas are magnified in insets.
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Whereas almost all Meissner corpuscle endings were KCNQ4 
positive (33/39), around one-third of hair follicles were found to be 
KCNQ4-positive (15/43 innervated hair follicles). Notably, in hair fol-
licles innervated by KCNQ4-positive lanceolate endings, only ~50% 
(87/190) of the S100-positive lanceolate endings were KCNQ4 positive 
(Fig. 3a). Moreover, in hair follicles with KCNQ4-immunoreactive  
circular fibers (18/30), 71 out of 90 circular, NF200-positive fibers 
were labeled for KCNQ4. Thus it is likely that distinct mechanorecep-
tor subtypes, some KCNQ4-positive and others KCNQ4-negative, 
innervate the same hair follicle.

The co-labeling of KCNQ4 and S100b at lanceolate endings (Fig. 3a)  
raised the question of whether KCNQ4 was expressed in terminal 
Schwann cells for which S100b is a marker. However, we did not 
detect KCNQ4 in the cell bodies of Schwann cells, nor were all S100b- 
positive lanceolate endings of the same Schwann cell positive for 

KCNQ4 (Fig. 3a). High-resolution confocal microscopy revealed 
that S100b labeling surrounded rather than overlapped with KCNQ4  
staining, whereas KCNQ4 staining colocalized with the neuronal 
marker NF200 (Fig. 3b). These data confirmed that KCNQ4 was 
present in the cell bodies and the peripheral endings of bona fide 
low-threshold mechanoreceptors.

In hair follicles KCNQ4 protein was restricted to the nerve end-
ings and did not extend proximally to the afferent stem axon 
(Supplementary Fig. 3d and Supplementary Video 1). Its localiza-
tion at, or close to, the impulse generation zone suggested that this 
K+ channel might influence stimulus–excitation coupling of rapidly 
adapting cutaneous mechanoreceptors.

KCNQ4 dampens rapidly adapting mechanoreceptors
We next used an in vitro skin nerve preparation27,28 to investi-
gate the function of KCNQ4 in mechanoreceptors in mice. Single 
mechanoreceptors recorded in the saphenous nerve were classi-
fied according to their conduction velocity (A-β fibers (RAMs and 
SAMs), >10 m s−1; thinly myelinated A-δ fibers (D-hair receptor), 
1–10 m s−1), von Frey thresholds and their adaptation properties 
to suprathreshold stimulation27.

The receptive properties of identified cutaneous mechanorecep-
tors were tested with repeated ramp-and-hold mechanical stimuli. 
As described previously, we observed stable non-desensitizing 
responses to repeated mechanical stimuli in all types of LTM  
neurons29,30 (RAMs, D-hairs and SAMs) (Fig. 4a–c). To test the 
impact of KCNQ K+ channels on LTM fiber responses, we exposed 
their receptive fields to 400 µM of the generic KCNQ channel blocker 
linopirdine12,31. Within minutes of local linopirdine application, both 
RAMs and D-hairs, but not SAMs, fired faster to the standardized  
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Figure 2 KCNQ4 in mouse skin mechanoreceptors. (a) Hairy skin sections 
stained with antibodies to KCNQ4 (antibody rbKCNQ4KC) and NF200.  
In WT hair follicles, KCNQ4 labeling is restricted to lanceolate and circular 
nerve endings. Dashed lines outline hair shaft. (b) KCNQ4 labeling is absent 
in Kcnq4−/− mice. Dashed lines outline hair shaft. (c) In glabrous skin, 
KCNQ4 (antibody gpKCNQ4A) localized to S100b-positive nerve endings 
in Meissner corpuscles (dashed line). (d) KCNQ4 is absent from S100b-
positive Pacinian corpuscles. Nuclei were labeled with DAPI (blue, a–d).  
(e) KCNQ4 (antibody gpKCNQ4A) was not detected in complexes of Merkel 
cell (cytokeratin-20, CK20) and neurite (NF200), but was present in 
Meissner corpuscles in the same section (arrows). Bottom, magnified views 
of boxes labeled above with * and **. Scale bars: 20 µm (a–c), 50 µm (d,e).
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Figure 3 KCNQ4 is absent from terminal Schwann cells in lanceolate 
endings. (a) Stack image of a mouse hair follicle with lanceolate endings 
stained for KCNQ4 (antibody gpKCNQ4A) and S100b as a marker for 
Schwann cells. KCNQ4 antibody did not label terminal Schwann cell 
bodies (arrows). Note that not all S100b-labeled lanceolate endings 
express KCNQ4. (b) Confocal micrograph of a single lanceolate ending 
labeled for S100b, NF200 and KCNQ4. KCNQ4 is separated from S100b-
labeled terminal Schwann cell processes but overlaps with NF200. Scale 
bars: 10 µm (a), 5 µm (b).
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mechanical stimulus (Fig. 4a–c). To test directly whether KCNQ4 
is the target for linopirdine in specific mechanoreceptors,  
we repeated these experiments with mechanoreceptors from 
Kcnq4−/− mice. The linopirdine sensitivity of RAMs, but not of  
D-hair receptors, was completely lost in mice lacking KCNQ4  
(Fig. 4a,b). Hence, linopirdine sensitivity of RAMs strictly depends 
on KCNQ4, whereas different linopirdine-sensitive channels might 
modulate D-hair responses. These results are consistent with the 
idea that KCNQ4-negative hair follicle endings belong to D-hair 
receptors (Fig. 3a).

We next used Kcnq4dn/+ mice, a mouse model23 for DFNA2 domi-
nant human progressive hearing loss. Kcnq4dn/+ mice are hetero-
zygous for the G286S mutation, which is equivalent to the G285S 
mutation identified in humans12. KCNQ4G285S subunits exert dom-
inant negative effects on KCNQ4 currents when expressed with 
wild-type (WT) subunits12. Other disease-causing KCNQ4 pore 
mutants show diminished plasma membrane localization when 
expressed in heterologous cells32,33. We noted that the plasma 
membrane expression of KCNQ4 was strongly reduced in DRG 
neurons of Kcnq4dn/+ mice (Supplementary Fig. 1b–d). KCNQ4 
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Figure 4 KCNQ4 dampens excitability of RAMs. (a–c) Effect of 400 µM linopirdine (lino) on mechanically evoked electrical responses of RAMs (a),  
D-hairs (b) and SAMs (c) recorded from saphenous nerve of Kcnq4+/+ and Kcnq4−/− mice. Receptive fields of single cutaneous afferents were stimulated 
with mechanical ramp-and-hold stimuli (2 s duration) at 1-min intervals (typical traces at top). Linopirdine or buffer control (ctl) was added (arrows). 
Spike rates were normalized to those in the first three responses of each fiber. Note that this normalizes out the higher spike rate of Kcnq4−/− mice. 
Linopirdine sensitivity of RAMs (a) but not of D-hairs (b) is lost in Kcnq4−/− mice (**P < 0.01; ***P < 0.001; Student’s t-test). (d) Spike rates of  
RAMs during the ramp phase at constant velocities (1,280 µm s−1) as function of displacement amplitudes. Inset: top, Kcnq4+/+; bottom, Kcnq4−/−; 
blue ramp, time course of indentation; scale bar, 20 ms. Kcnq4−/− and Kcnq4dn/+ RAMs fired more spikes than RAMs from WT littermate controls  
(*P < 0.05; ***P < 0.001; Student’s t-test). (e) Mean instantaneous firing frequencies as function of stimulus velocity at constant stimulus amplitude 
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###P < 0.001; Student’s t-test). (f) Proportions of fibers from WT, Kcnq4−/− and Kcnq4dn/+ mice responding to stimuli of a given velocity. Proportions 
were compared using Fisher’s exact test (*P < 0.05, Kcnq4dn/+; #P < 0.05, Kcnq4−/−; compared to Kcnq4+/+). (g) Examples traces of RAM spike bursts 
evoked by different stimulation velocities in WT and Kcnq4−/− mice. Error bars are s.e.m.
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protein was also strongly reduced in cuta-
neous nerve endings of Kcnq4dn/+ mice and 
nearly absent from Kcnq4dn/dn nerve end-
ings (Supplementary Figs. 1e,f and 3e–h). 
These results suggest that disease-caus-
ing KCNQ4 pore mutations exert domi-
nant negative effects by affecting the trafficking of homomeric  
and heteromeric channels containing mutant subunits.

Consistent with the effect of linopirdine (Fig. 4a–c), RAMs from 
Kcnq4dn/+ and Kcnq4−/− mice fired more spikes in response to step 
displacements (applied at a constant ramp velocity) than RAMs 
recorded from Kcnq4+/+ littermates (Fig. 4d). In contrast, the 
responses of SAMs and D-hair receptors were the same in Kcnq4dn/+ 
and Kcnq4−/− mutant mice as in controls (Supplementary Fig. 4a,b). 
RAMs lacking KCNQ4 not only fired more spikes but also showed 
shorter interspike intervals (Fig. 4d, inset). Von Frey thresholds, 

axonal conduction velocities and the proportions of RAMs and 
SAMs among A-β fibers were not affected by the lack of KCNQ4 
(Supplementary Fig. 4c–e).

As the firing frequency of RAMs encodes the velocity of a mechani-
cal stimulus, we stimulated RAMs with ramp-and-hold displacements 
of variable ramp speeds but constant hold amplitudes (Fig. 4e–g). 
As observed in other mouse strains28 and in primates6, RAM firing 
frequencies faithfully encoded velocity. However, Kcnq4+/+ RAMs 
rarely detected slow ramp indentations (<400 µm s−1), whereas both 
Kcnq4−/− and Kcnq4dn/+ RAMs reliably responded to such stimuli 
(Fig. 4f) and typically showed between two- and fivefold higher 
instantaneous firing frequencies (that is, shorter interspike intervals) 
than controls at all tested velocities (Fig. 4e,g).

To investigate the impact of KCNQ4 on frequency preference, we 
recorded the response of RAMs from Kcnq4+/+ and Kcnq4dn/+ mice 
to sinusoidal stimuli of increasing amplitudes over a wide range of 
frequencies (5–180 Hz) (Fig. 5). Kcnq4dn/+ RAMs responded nor-
mally to high-frequency stimulation, but they were more sensi-
tive than controls at 10 Hz and even more so at 5 Hz (Fig. 5). For 
instance, vibration amplitudes of ~20 µm elicited the same firing rate 
in Kcnq4dn/+ RAMs as ~40 µm amplitudes in WT RAMs. These data 
support the hypothesis that KCNQ4 channels dampen the response 
of rapidly adapting hair follicle and Meissner corpuscle afferents and 
tune these mechanoreceptors to higher frequencies for normal touch 
sensation in mice.

It could be argued that lack of KCNQ4 function may lead to mech-
anoreceptor degeneration, akin to the loss of cochlear outer hair cells 
observed in Kcnq4 mutant mice23. We used immunohistochemistry 
to compare the number and morphology of mechanoreceptors from 
Kcnq4+/+ mice with those of Kcnq4dn/+ mice. The latter, though 
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Figure 5 Altered frequency tuning in 
Kcnq4dn/+ mice. (a,b) RAMs were stimulated 
with sinusoidal vibration stimuli over a range 
of frequencies (5–160 Hz) with vibration 
amplitudes being increased from 7.5 µm to 
45 µm in steps of 7.5 µm after periods of 20 
cycles. (a) Example responses of Kcnq4+/+ 
and Kcnq4dn/+ RAMs to a 5-Hz stimulation are 
shown in black. Red trace shows the mechanical 
stimulation protocol. (b) Mean number of 
spikes per cycle plotted as function of vibration 
amplitude for 5, 10, 20, 40, 80 and 160 Hz. At 
5 and 10 Hz, Kcnq4dn/+ mice were significantly 
more sensitive than littermate controls  
(#P < 0.05, ##P < 0.01, two-way repeated-
measures ANOVA; *P < 0.05, **P < 0.01, 
Bonferroni post-test). Dashed lines indicate one 
spike per cycle. Error bars are s.e.m.
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Figure 6 KCNQ4 in human skin mechanoreceptors. (a–d) Human skin 
sections stained with antibodies to KCNQ4 (antibody rbKCNQ4KC), 
NF200, S100b and CK20. (a) KCNQ4 labeling of lanceolate endings in 
human hair follicles. Dotted lines outline hair shaft. (b) KCNQ4 localized 
to nerve endings in Meissner corpuscles (dotted line). (c) KCNQ4 was not 
detected in S100b-positive Pacinian corpuscles. (d) KCNQ4 was absent 
from CK20-positive Merkel cell complexes. Nuclei were labeled with DAPI 
(blue) in b–d. Scale bars, 20 µm.
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lacking KCNQ4 currents, can be identified by KCNQ4 labeling 
(Supplementary Fig. 1c,e). Neither the morphology of KCNQ4-positive  
hair follicle afferents and Meissner corpuscles (Supplementary 
Fig. 3e–h) nor the number of KCNQ4-positive DRG neurons 
(Supplementary Fig. 5a,b) was altered. There was also no loss of 
large myelinated fibers, as determined from counts made from semi-
thin sections of the saphenous nerves of Kcnq4+/+ and Kcnq4dn/+ mice 
(Supplementary Fig. 5c,d). Examination of electron micrographs of 
large myelinated fibers also revealed no anatomical abnormalities in 
nerves taken from Kcnq4dn/+ mice (Supplementary Fig. 5c).

KCNQ4 loss enhances detection of low-frequency vibration
To explore the behavioral consequences of altered mechanosensi-
tivity, we used a tactile acuity test (Supplementary Fig. 6a). This 
two-choice preference test (‘grid test’)34 tests the ability of mice to 
detect a grating cue placed on the floor of an arena. On the mixed 
CBA/J and C57Bl/6J genetic background used for these experiments, 
Kcnq4dn/+ mutant mice spent significantly (P < 0.05) more time on 
grids than on control areas, whereas there was no significant dif-
ference for Kcnq4+/+ littermate controls (Supplementary Fig. 6b). 
But although these results suggested that Kcnq4dn/+ mice recognized 
grids better than WT, a direct comparison between these genotypes 
did not yield a significant difference. We compared Kcnq4−/− and 
Kcnq4+/+ mice in an inbred CH3 background. Mice of either genotype 
similarly recognized the grid (Supplementary Fig. 6c). However, this 
behavioral assay does not specifically test for 
the ability to discriminate vibrotactile stimuli 
and is influenced by other mechanoreceptors 
not expressing KCNQ4.

Vibrotactile discrimination can be con-
veniently studied and quantified in humans. 
Co-labeling human skin biopsy sections with 
antibodies to KCNQ4 and NF200 showed 
KCNQ4 protein in human lanceolate endings 

and Meissner corpuscles (Fig. 6a,b), similar to that observed in mice  
(Fig. 2a,c and Supplementary Fig. 3). Likewise, we detected no 
KCNQ4 protein in Pacinian corpuscles and Merkel cell complexes 
in human skin (Fig. 6c,d).

We then examined touch sensitivity in people from two DFNA2 
pedigrees carrying two different KCNQ4 mutations (G296S and 
W276S; refs. 32,35) (Fig. 7 and Supplementary Fig. 7a,b). Both muta-
tions studied exert dominant negative effects like that of the G285S 
mutation12 on which Kcnq4dn/+ mice were modeled23. To assess the 
function of vibration-sensitive RAM subtypes (that is, Meissner cor-
puscles and Pacinian corpuscles), we measured vibrotactile thresholds 
over a broad frequency range (5–160 Hz) using an ascending method 
of limits approach (Fig. 7a, top). Meissner corpuscles and hair follicle 
afferents, which both express KCNQ4 (Figs. 2a,c and 6a,b), are the 
primary detectors of low-frequency vibrotactile stimuli, whereas high 
frequencies are primarily detected by Pacinian corpuscles (Fig. 7a,  
top)1,6,36. In a large cohort of adults with DFNA2 (37–55 years old), 
vibration detection thresholds were significantly lower at 5 and 10 Hz  
but not at higher frequencies than those in healthy, age-matched 
controls (Fig. 7a, bottom). Differences in vibrotactile acuity were 
even more pronounced when we directly compared data obtained 
from affected individuals with data from their healthy siblings (~50% 
threshold reduction at 5 and 10 Hz; Fig. 7c–e). We also examined 
vibration detection thresholds at 125 Hz with a forced-choice test 
using a commercial system. In agreement with the ascending method 
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Figure 7 Enhanced detection of low-frequency 
vibrations in subjects with DFNA2 carrying 
KCNQ4 mutations. (a) Top (test procedure): 
subjects signaled the detection of vibratory 
stimuli (black trace) by pressing a button (red 
trace). Middle (tested end organ): the frequency 
ranges for optimal activation of Meissner and 
Pacinian corpuscles. Bottom: mean vibration 
detection thresholds in subjects with DFNA2 
(affected) and controls (unaffected) at 5, 10, 
20, 40, 80 and 160 Hz. (*P < 0.05; **P < 0.01;  
two-way repeated measures ANOVA, Bonferroni 
post-test). (b) Top (test procedure): subjects 
had to detect whether a grating was pressed  
in longitudinal or transverse orientation  
against their finger. Middle (tested end  
organ): Merkel cell–neurite complexes are 
tested. Bottom: comparison of the limits  
of spatial resolutions in the index fingers  
of subjects with DFNA2 and age-matched 
healthy controls. No significant difference  
was observed (NS; P = 0.47, Student’s t-test;  
n values in parentheses). (c–e) Comparison 
of individual vibrotactile tuning curves of 
affected (dashed lines) and unaffected (solid 
lines) subjects from three different sibships. 
Subject identifiers are the same as used when 
previously published35 and are indicated in  
the pedigree in Supplementary Figure 7.  
Error bars are s.e.m.
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of limits approach, we observed no significant difference in detec-
tion thresholds at 125 Hz between subjects with DFNA2 and controls 
(Supplementary Fig. 7c).

To assess the function of SAMs (that is, Merkel cell–neurite com-
plexes), which in mice (Fig. 2e) and humans (Fig. 6d) do not express 
KCNQ4, we determined the limits of spatial resolution in the fingertip 
using a two-interval forced-choice tactile grating orientation test (Fig. 7b,  
top)37,38. We detected no difference between subjects with DFNA2 
and controls (Fig. 7b, bottom).

DISCUSSION
Here we show that KCNQ4 is a functionally relevant marker of a spe-
cific type of RAM in mice and in humans. KCNQ4 protein is targeted 
to the peripheral endings of defined mechanoreceptors in the skin, 
where it is localized to a region juxtaposed to the transduction zone. 
We show directly that the KCNQ4 channel is required for tuning the 
coding of vibrotactile stimuli so that low-frequency sinusoids (<10 Hz)  
are more poorly detected than higher frequencies. Accordingly, loss of 
KCNQ4 function leads to a selective enhancement of mechanoreceptor 
sensitivity to low-frequency vibration. Notably, people with late-onset 
hearing loss due to dominant mutations of the KCNQ4 gene show 
enhanced performance in detecting small-amplitude, low-frequency 
vibration. Thus our data provide a direct link between a hearing gene 
and human touch sensitivity.

The Meissner touch corpuscle (described by Georg Meissner in 
1853) has long been known to be the end organ of RAMs in human 
glabrous skin. Human microneurography studies classically differ-
entiate two main types of RAMs: RA-type I, identical with Meissner 
type mechanoreceptors in glabrous skin; and RA-type II, which are 
identical to Pacinian corpuscle receptors (described by Filippo Pacini 
in 1840)36,39. These two types of receptor differ profoundly in their 
physiological properties, one key difference being that Pacinian recep-
tors are tuned to detect high-frequency vibration (>100 Hz) with high 
sensitivity, whereas type I RAMs have an optimal range of sensitivity 
at lower frequencies (middle range 10–40 Hz)1,6. In both mice and 
humans, the KCNQ4 protein is present in Meissner corpuscles (RA-
type I) but not in Pacinian corpuscles (RA-type II).

In hairy skin, RAMs activated by hair movement are likely func-
tionally equivalent to type I receptors40,41. We show that the KCNQ4 
protein is localized to lanceolate endings that form a basket-like struc-
ture at the base of human and mouse hair follicles. These endings 
detect hair movement, and the transduction channels are presum-
ably localized at such endings. Our finding that hair follicles in the 
mouse are innervated by both KCNQ4-positive and KCNQ4-negative 
lanceolate endings constitutes direct evidence that individual hairs 
are innervated by functionally distinct RAMs. Indeed, we found 
the linopirdine sensitivity of D-hair receptors to be independent of 
KCNQ4, suggesting that D-hair receptors are KCNQ4-negative and 
thus that individual mouse hairs may be innervated by both RAMs 
and D-hair receptor lanceolate endings.

We show that KCNQ4 channels are located at sites that overlap with 
or are directly adjacent to probable sites of mechanoelectric trans-
duction29. Thus KCNQ4 channels are ideally placed to regulate the 
transformation of receptor potentials to spike trains at their origin.  
The manner in which the receptor potential is converted into a spike 
train is not well understood42–44. We show here that KCNQ4 channels 
specifically control the excitability of a functionally distinct subset of 
RAMs. KCNQ channels lack mechanosensitivity45, and we have con-
firmed this experimentally (Supplementary Fig. 8). KCNQ channels are 
non-inactivating and are partially open at negative potentials, thereby 
contributing to the clamping of the resting membrane potential46.  

Indeed, cochlear outer hair cells of Kcnq4 mutant mice are depolar-
ized23. Thus a likely explanation for the increased sensitivity of RAMs 
lacking KCNQ4 is a depolarized resting membrane potential closer  
to the action potential firing threshold. The KCNQ4-dependent 
changes in sensitivity are much more pronounced with slow stimuli;  
consequently, the tuning of RAMs to higher frequency vibration 
(>10 Hz) is markedly attenuated in Kcnq4dn/+ and Kcnq4−/− mutant 
mice. This effect may be explained by KCNQ4-dependent conductive 
shunting, which, compared to capacitative shunting, is much more 
effective at low frequencies.

In contrast to the limited data available from rodents, there are 
many quantitative studies on vibrotactile behavior in humans, and 
so we sought to assess the effect of KCNQ4 loss of function alleles 
in humans with DFNA2. Notably, the observed frequency tuning of 
RAMs in mice matches the psychometric function of humans and 
nonhuman primates to vibrotactile stimuli6,39,47,48. Humans are much 
better at detecting small-amplitude vibrotactile stimuli applied to 
the skin at frequencies >20 Hz than <20 Hz. Thus larger stimulus 
amplitudes are required for low-frequency vibration before the sub-
ject is able to perceive the stimulus36. High-frequency vibrations are 
detected primarily by Pacinian corpuscle afferents (type II RAMs), 
whereas low-frequency vibrations are detected by Meissner corpus-
cles1,6, which we found to express KCNQ4 in mice and humans. Here 
we have shown, with two distinct kindreds with DFNA2 (refs. 32,35), 
that the presence of mutations that reduce KCNQ4 currents shifts the 
psychometric tuning curve so that individuals with DFNA2 are better 
than age-matched controls at detecting low frequency skin vibration .  
Of note, the behavioral performance of the subjects with DFNA2 was 
normal for very high frequency stimuli, detected by Pacinian recep-
tors, which lack KCNQ4 immunoreactivity.

It is not clear whether people with DFNA2 reap a behavioral bene-
fit or disadvantage from their enhanced sensitivity to slow-moving  
stimuli. One theory postulates that type I RAMs primarily sense 
slip forces to enable precise grip control49. However, it is also clear 
that different mechanoreceptors act in an ensemble during different 
phases of complex tasks49. It has been proposed that it is spike timing 
rather than spike frequency that provides relevant information about 
tactile stimulus direction and velocity50. The absence of KCNQ4 in 
skin mechanoreceptors would lead to a substantial change in the tem-
poral order of spikes from type I RAM afferents at lower velocities 
of skin stimulation. Researchers working on human touch have used 
methods such as microneurography to provide models of how behav-
iorally relevant tactile information is coded. Nevertheless, until now 
there were no experimental tools available to directly manipulate the 
mechanoreceptor coding of sensory stimuli and test the consequences 
for behavior. Our work demonstrates that a direct manipulation of 
mechanoreceptor coding is possible.

In summary, we have identified KCNQ4 as a functionally relevant 
marker of RAMs in mice and in man. The critical role of this K+ chan-
nel in hearing has been known for years12, and we now show that it is 
also important in modulating touch sensitivity. Whereas the loss of 
KCNQ4 causes deafness12 mainly by precipitating the degeneration 
of sensory hair cells23, it instead increases touch sensitivity at low 
frequencies. We have identified KCNQ4 as a crucial element in tuning 
mechanoreceptors to detect specific tactile stimuli.

METHODS
Methods and any associated references are available in the online  
version of the paper at http://www.nature.com/natureneuroscience/.

Note: Supplementary information is available on the Nature Neuroscience website.
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ONLINE METHODS
mice. All mice were housed in the animal facility of the MDC Berlin accord-
ing to institutional guidelines. All animal experiments were done according 
to the German Animal Protection Law. Kcnq4−/− and Kcnq4dn/+mice used in 
our study have been described in detail23. Kcnq4−/− mice were backcrossed to a 
C3H background (>10 generations). Kcnq4dn/+ mice were analyzed on a mixed 
background (CBA/J and C57Bl/6J). For all experiments shown in Figure 4 and 
Supplementary Figures 4 and 5, Kcnq4+/+ mice on a pure C3H background 
were used as controls. For experiments shown in Figure 5 and Supplementary 
Figure 6 Kcnq4+/+ littermates (mixed background: CBA/J and C57Bl/6J) served 
as controls.

Humans. Two DFNA2 pedigrees, which carry two different KCNQ4 muta-
tions (G296S and W276S)32,35, were examined. Owing to large age-dependent 
inter-individual variations, children were excluded from the analysis and only 
adults aged 37–55 year were considered. When both were available, subjects with 
DFNA2 and their healthy siblings were tested. Unrelated healthy age-matched 
subjects served as additional controls. Informed consent was obtained from all 
subjects before examination. All experiments were undertaken with written con-
sent of each person.

Immunohistochemistry. Mice were anesthetized with ketamine and rompun 
and perfused through the heart with 4% (wt/vol) paraformaldehyde (PFA) in 
PBS. For guinea pig anti-KCNQ4 labeling, the PFA concentration was reduced 
to 1%. For MafA labeling, mice 6 d (Fig. 2) and 20 weeks old (Supplementary 
Fig. 5) were used. Mouse tissues were dissected and postfixed with 4% or 1% 
PFA, as appropriate, for 30 min at 4 °C. DRGs and spinal cords were incubated 
overnight in 30% (wt/vol) sucrose at 4 °C and embedded in Tissue Tek O.C.T. 
(Sakura). Cryosections were cut at 8 µm (for spinal cords, Pacinian corpuscles and 
DRGs) and 30–40 µm (for skin). For Pacinian corpuscle staining, the distal halves 
of mouse legs containing interosseous membranes were dissected, postfixed in 
1% PFA for 30 min, washed with PBS and decalcified with EDTA for 2–3 d.  
Human skin biopsies were immediately placed in 4% PFA after dissection and  
fixed for 48 h at 4 °C followed by incubation in 30% sucrose for 48 h at 4 °C and 
OCT embedding. Sections 30 µm were cut. Tissues were blocked in 3% (vol/vol) 
normal goat serum, 2% (wt/vol) BSA and 0.5% (vol/vol) NP-40 in PBS for 2 h. 
Antibodies were diluted in 1.5% normal goat serum, 1% BSA and 0.25% NP-40 in 
PBS for 1 h. For c-Ret immunolabeling, an epitope demasking procedure was per-
formed as described24. Nuclei were stained with DAPI. All sections were imaged 
using a Zeiss LSM 510 confocal microscope. Image analysis and stack assembly 
was performed off-line with ZEN 2009 light edition software (Zeiss) and Adobe 
Photoshop. For DRG cell counts, only neurons that contained visible nuclei were 
considered. To quantify the proportion of KCNQ4-positive lanceolate endings 
and Meissner corpuscles, these structures were identified by S100b staining and 
morphology. The built-in line-scan function of the LSM Zen 2008 software was 
used to measure peak fluorescence intensities of the plasma membrane. Peak 
plasma membrane and mean cytosolic fluorescence intensities were compared 
using Student’s paired, two-tailed t-test. For quantification of lanceolate endings, 
the fluorescence intensity ratio of KCNQ4 and NF200 labeling was calculated and 
was compared between Kcnq4+/+, Kcnq4dn/+ and Kcnq4dn/dn mice using Student’s 
t-test. Sections from at least three mice for each genotype were analyzed.

electron microscopy. Mice were perfused with 4% PFA in 0.1 M phosphate 
buffer. Saphenous nerves were dissected and postfixed in 4% PFA, 2.5% (wt/vol) 
glutaraldehyde in 0.1 M phosphate buffer for 3 d. Following treatment with 1% 
(wt/vol) OsO4 for 2 h, nerves were dehydrated in a graded ethanol series and pro-
pylene oxide and embedded in Poly/BedR 812 (Polysciences). Semi-thin sections 
were stained with toluidine blue. Ultrathin sections (70 nm) were contrasted with 
uranyl acetate and lead citrate and examined with a Zeiss 910 electron micro-
scope. Digital images were taken with a CCD camera (Proscan) at an original 
magnification of 1,600×.

Antibodies. The following primary antibodies were used: rabbit anti-KCNQ4 
(named rbKCNQ4KC)10, 1:500; guinea pig anti-KCNQ4 (named gpKCNQ4A), 
1:200 (raised against amino acids 2–12: AEAPPRRLGLG); rabbit anti-MafA, 
1:10,000 (a kind gift from C. Birchmeier); mouse anti-NF200, 1:1,000 (Sigma); 
rabbit anti-NF200, 1:1,000 (Biozol); mouse anti-c-Ret, 1:20 (R&D); mouse  

anti-parvalbumin, 1:1,000 (Swant); rabbit anti-CK20, 1:25 (DAKO); rabbit anti- 
S100b, 1:400 (DAKO). Secondary antibodies were Alexa Fluor 488 goat 
anti–mouse IgG, Alexa Fluor 633 goat anti–mouse IgG, Alexa Fluor 555 goat  
anti–guinea pig IgG, Alexa Fluor 488 goat anti–rabbit IgG and Alexa Fluor 555 
goat anti–rabbit IgG (Molecular Probes).

Retrograde labeling. Alexa Fluor 488–conjugated dextran (10–15 µl of 2.5% (wt/vol);  
relative molecular mass 3,000, anionic, Molecular Probes) was injected subcu-
taneously into the hairy skin and the plantar surface of hind paws. Mice were 
perfused 3 d after injection with PFA as described above and DRGs (vertebral 
levels L1–S3) were dissected for histochemical analysis.

In vitro skin nerve preparation. The skin nerve preparation was used as previ-
ously described28. Adult mice were killed by placing them in a CO2-filled chamber 
for 2–4 min followed by cervical dislocation. The saphenous nerve and the skin of 
the hind limb were dissected free and placed in a heated (32 °C) organ bath. The 
chamber was perfused with a synthetic interstitial fluid consisting of (in mM) 
NaCl, 123; KCl, 3.5; MgSO4, 0.7; NaH2PO4, 1.7; CaCl2, 2.0; sodium gluconate, 
9.5; glucose, 5.5; sucrose, 7.5; and HEPES, 10 at a pH of 7.4. The skin was placed 
with the corium side up in the organ bath and the nerve was placed in an adjacent 
chamber for fiber teasing and single-unit recording. Single units were isolated 
with a mechanical search stimulus applied with a glass rod and classified by 
conduction velocity, von Frey hair thresholds and adaptation properties to supra-
threshold stimuli as previously described27. Mechanical ramp-and-hold stimuli 
were applied with a computer-controlled nanomotor (Kleindiek Nanotechnik) 
and vibration stimuli were delivered with a piezo-actuator (Physik Instrumente 
PI) that was controlled by the built-in stimulator function of LabChart 7.1 (AD 
Instruments). The probe was a stainless steel metal rod with a flat circular contact 
area of 0.8 mm. To test the effect of linopirdine (Invitrogen), standardized supra-
threshold displacement stimuli of 2 s duration were applied to the receptive field 
at regular intervals (interstimulus period, 58 s) for 12 min. Drugs were added to 
a stainless steel ring, which isolated receptive fields from the surrounding bath 
and prevented washout of the drug during the experiment.

The signal driving the movement of the mechanical stimulators and the 
raw electrophysiological data were recorded with a Powerlab 4/30 system and 
Labchart 7.1 software (AD Instruments) and spikes were discriminated off-line 
with the spike histogram extension of the software.

Patch-clamp recordings. HEK293 cells were transfected with KCNQ4 cDNA 
using Fugene HD transfection reagent (Roche) according to the manufacturers 
instructions and were used for patch-clamp recording 24 h after transfection. 
Whole-cell patch clamp recordings were made at 20–24 °C. Patch pipettes were 
pulled (Flaming-Brown puller, Sutter Instruments) from borosilicate glass cap-
illaries (Hilgenberg), filled with a solution consisting of (in mM) KCl (110), 
NaCl (10), MgCl2 (1), EGTA (1), HEPES (10) and ATP (2), adjusted to pH 7.3 
with KOH, and had tip resistances of 6–8 MΩ. The bathing solution contained 
(in mM) NaCl (140), KCl (4), CaCl2 (2), MgCl2 (1), glucose (4), HEPES (10), 
adjusted to pH 7.4 with NaOH. Recordings were made using an EPC-10 ampli-
fier (HEKA) in combination with Patchmaster and Fitmaster software (HEKA). 
Pipette and membrane capacitance were compensated using the auto function 
of Patchmaster, and series resistance was compensated by 70% to minimize 
voltage errors.

KCNQ4 mediated M-currents were activated with step depolarizations from 
−70 mV to −20 mV (2 s duration), and mechanosensitivity of KCNQ4 was tested 
by mechanically stimulating the cells during steady-state activation of the chan-
nels. Mechanical stimuli were applied with a fire-polished glass pipette (tip diam-
eter, 2–3 µm) that was driven by a piezo-based Nanomotor micromanipulator 
(MM3A, Kleindiek Nanotechnik). The probe was positioned at an angle of 45° 
to the surface of the dish and moved with a velocity of 3.5 µm ms−1.

Human psychophysics. The limits of spatial resolution in the fingertip were 
determined with a two-interval, forced-choice tactile grating orientation test that 
was performed with the Tactile Acuity Cube and TAG JVP Domes (Med-Core 
TAG) using a transformed-rule up and down trial design. Subjects had to detect 
whether a grating was pressed in longitudinal or transverse orientation against 
their fingers. Thresholds (79% probability) were calculated from the last 10 of 
15 turning points.
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Vibrotactile thresholds at different frequencies were determined with an ascend-
ing method-of-limits approach (Fig. 7a) using a custom-made device. Briefly, 
mechanical vibration stimuli of increasing amplitude (0–45 µm within 30 s) were 
delivered to the nail bed of the little finger with a piezo-actuator (Physik Instrumente 
PI) controlled by Powerlab 4/30 and LabChart 7.1 software. The probe was made of 
glass and had a flat circular contact area with a diameter of 5 mm. Subjects signaled 
the detection of vibratory stimuli by pressing a button. The little fingers of both 
hands were tested over a range of frequencies (5, 10, 20, 40, 80 and 160 Hz) and each 
frequency was tested in triplicate. To avoid acoustic perception of vibratory stimuli, 
white noise was played to the subjects through headphones during the testing. In 
some subjects, vibrotactile acuity at 125 Hz was also investigated using the CaseIV 
system (WR Medical Electronics), according to the manufacturers instructions.  
A two-interval, forced-choice, staircase trial design was used, and vibrotactile acuity 
was determined using the method of just noticeable differences.

mouse tactile acuity test. Tactile acuity of mice was assessed using a two-choice 
preference test (grid test) as previously described34. Briefly, mice were placed 
in a completely dark arena that contained a grating cue (19, 38, 75 or 150 µm) 
embedded in the floor, and the mouse’s activity was monitored for 30 min after 
an acclimatization period of 10 min using the Actimot system (TSE Systems). 
Each mouse was tested once per day, and the order of the tested grids was rand-
omized for each mouse. To determine whether mice could reliably detect grat-
ings of a certain size, the time spent on the grating cue was compared to the 
time spent on an equally sized control area (no cue) using Student’s paired t-test  
(see Supplementary Fig. 6). Ratios were calculated for individual mice as (active 
time on grid)/(active time on control area).

Statistics. All data points represent means ± s.e.m. Statistical tests were performed 
using GraphPad Prism 5.0 software.
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