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Many genetic forms of congenital deafness affect the sound
reception antenna of cochlear sensory cells, the hair bundle. The
resulting sensory deprivation jeopardizes auditory cortex (AC)
maturation. Early prosthetic intervention should revive this pro-
cess. Nevertheless, this view assumes that no intrinsic AC deficits
coexist with the cochlear ones, a possibility as yet unexplored. We
show here that many GABAergic interneurons, from their genera-
tion in the medial ganglionic eminence up to their settlement in the
AC, express two cadherin-related (cdhr) proteins, cdhr23 and cdhr15,
that form the hair bundle tip links gating the mechanoelectrical
transduction channels. Mutant mice lacking either protein showed a
major decrease in the number of parvalbumin interneurons specif-
ically in the AC, and displayed audiogenic reflex seizures. Cdhr15-
and Cdhr23-expressing interneuron precursors in Cdhr23−/− and
Cdhr15−/− mouse embryos, respectively, failed to enter the embry-
onic cortex and were scattered throughout the subpallium, consis-
tent with the cell polarity abnormalities we observed in vitro. In the
absence of adhesion G protein-coupled receptor V1 (adgrv1), an-
other hair bundle link protein, the entry of Cdhr23- and Cdhr15-
expressing interneuron precursors into the embryonic cortex was
also impaired. Our results demonstrate that a population of new-
born interneurons is endowed with specific cdhr proteins necessary
for these cells to reach the developing AC. We suggest that an
“early adhesion code” targets populations of interneuron precursors
to restricted neocortical regions belonging to the same functional
area. These findings open up new perspectives for auditory rehabil-
itation and cortical therapies in patients.

tip links | parvalbumin interneurons | neuronal migration |
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The study of inherited forms of deafness in humans has greatly
advanced our understanding of the molecular and cellular

mechanisms underlying sound processing in the auditory sensory
organ, the cochlea (1). Most mouse models for these deafness forms
faithfully reproduce the hearing deficits observed in humans.
Furthermore, most of the genetic forms of profound congenital
deafness studied to date can be accounted for by deficits of the
cochlea. Many of these deafness forms result from structural
and functional abnormalities of the hair bundle (2), a tuft of
microvillus-like apical protrusions, the stereocilia, forming the
mechanosensitive antenna of the sensory hair cells (Fig. S1B).
Early auditory deprivation, such as auditory deprivation due to

congenital profound deafness, has major consequences for the
maturation of the central auditory system, including the auditory
cortex (AC). AC maturation involves successive sensitive periods
of cortical plasticity in which several features, such as the tono-
topic organization (sound frequency map) of the AC (3) and the

balance between neuronal excitation and inhibition (4), are estab-
lished under the influence of the acoustic environment (5, 6). This
neural plasticity is particularly prominent early in life, shortly after
hearing onset, and is jeopardized by the lack of auditory stimulation
experienced by children with profound congenital deafness. However,
early prosthetic interventions, in which profoundly deaf children are
fitted with cochlear implants, restore AC maturation through elec-
trical stimulation of the auditory nerve, as indicated by studies in deaf
kittens (7, 8).
Much attention has been focused on the impact of auditory

deprivation on AC maturation. However, the possibility that AC
intrinsic deficits coexist with peripheral auditory deficits in some
genetic forms of deafness has not yet been explored despite the
expected impact on rehabilitation of the patients. Such associ-
ated central intrinsic deficits would probably be masked by the
peripheral deficits. Given the major role played by adhesion
proteins in brain development, we addressed this issue by
studying mouse models for two genetic forms of profound
congenital deafness resulting from mutations of CDHR23 and
CDHR15, encoding two cadherin-related (cdhr) transmembrane
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proteins, cdhr23 and cdhr15 (also known as cadherin-23 and
protocadherin-15, respectively; Fig. S1 A and B). Within the hair
bundle, cdhr23 and cdhr15, which have unusually long ectodo-
mains (9, 10) (Fig. S1A), interact through their two most ami-
noterminal cadherin repeats to form an overlapped, antiparallel
heterodimer (11). They form the tip links (12), fine filaments
connecting the tip of a stereocilium to the side of the adjacent
taller stereocilium that convey sound-evoked mechanical forces
to the mechanoelectrical transduction channels. They also form
transient lateral links connecting the stereocilia together, and
some of the stereocilia with the kinocilium, during hair bundle
morphogenesis (13–15) (Fig. S1B). The absence of mechanoelectrical
transduction currents in the cochlear hair cells is sufficient to
account for the profound deafness of patients lacking either
cdhr23 or cdhr15 (12, 16). Our explorations of the expression of
cdhr23 and cdhr15 during brain development and of mouse
mutants lacking either cdhr protein revealed that both proteins
were required for the development of GABAergic interneurons
in the AC. The development of these interneurons also re-
quired adhesion G protein-coupled receptor V1 (adgrv1; also
known as gpr98, vlgr1, or mass1), which forms another type of
hair bundle links, the ankle links.

Results
Cdhr23 and Cdhr15 Are Expressed in the Medial Ganglionic Eminence-
Derived Interneurons of the Developing AC. We first studied the
expression profiles of cdhr23 and cdhr15 in the mouse embryonic
telencephalon at the end of corticogenesis, on embryonic day (E)
18.5. Both proteins were detected in the neocortex. Remarkably,

immunostaining was restricted to the developing AC (Fig. 1A).
The mammalian neocortex contains glutamatergic excitatory neu-
rons (85% of all neocortical neurons in rodents) and GABAergic
inhibitory interneurons (17, 18). In E18.5Nkx2.1-cre:Rosa-tdTomato
mice, immunostaining for cdhr23 and cdhr15 in the AC was limited
to tdTomato-labeled (tdTomato+) neurons, the GABAergic inter-
neuron precursors that are derived from the Nkx2.1-expressing
progenitors of the medial ganglionic eminence (MGE) and the
preoptic area of the subpallium, the ventral part of the telen-
cephalon (19) (Fig. 1B). About one-third of AC tdTomato+

neurons were labeled by anti-cdhr23 or anti-cdhr15 antibodies
(30 ± 3%; n = 10 embryos). Almost all of these neurons (96 ± 1%;
n = 5 embryos on E18.5) stained for one cdhr protein were also
stained for the other (Fig. 1C). Immunostaining for cdhr23 and
cdhr15 persisted in tdTomato+ interneurons on postnatal day (P) 5
(Fig. 1D), but had disappeared by P7 (Fig. S2A).
We then examined the expression of Cdhr23 and Cdhr15 at

earlier stages. Unlike glutamatergic neurons, which are gener-
ated in the proliferative ventricular zone of the neocortex and
migrate radially to form the future six layers of the cortical plate,
neocortical GABAergic interneurons undergo a long migration
from their place of birth. They first migrate tangentially within
the subpallium; then, within the neocortex to reach their final
destination; and, finally, radially to their ultimate cortical layer
position (20, 21) (Figs. 1B and 2A). Cdhr23 and cdhr15 were first
detected in the telencephalon on E13.5 in newborn tdTomato+

interneuron precursors derived from the ventral MGE mantle
zone (Fig. 2 A–C and Fig. S2 B and C), but not in their MKI67-
immunoreactive proliferating progenitors (Fig. 2D) or in the

Fig. 1. Expression of Cdhr23 and Cdhr15 in MGE-derived interneuron precursors in the developing AC in mice. (A) Horizontal (Upper) and coronal (Lower) sections
through the developing AC of wild-type E18.5 mouse embryos immunostained for cdhr23 and cdhr15. (B) Diagram of the migration routes of MGE-derived in-
terneurons in the developing neocortex (Left), and corresponding coronal sections of the AC of a Nkx2.1-cre:Rosa-tdTomato E18.5 mouse embryo immunostained
for tdTomato and cdhr23 or cdhr15 (Right Upper), with detailed views of tdTomato+ cdhr23+, or cdhr15+ interneurons (Right Lower). (C) Coronal section of the AC
of a wild-type E18.5 mouse embryo immunostained for cdhr23 and cdhr15. (D) Coronal sections of the AC of a Nkx2.1-cre:Rosa-tdTomato P5 mouse immunostained
for tdTomato and cdhr23 or cdhr15. In the brain horizontal sections of A and in D, the cdhr23 and cdhr15 immunostainings were carried out on the same sections.
Cell nuclei are stained in blue (DAPI). A/S/I/OC, auditory/somatosensory/insular/orbital cortex; cp, cortical plate; d, dorsal; EC, entorhinal cortex; H, hippocampus; IN,
interneuron; iz, intermediate zone; l, lateral; m, medial; mz, marginal zone; p, posterior; svz, subventricular zone; VC, visual cortex; vz, ventricular zone.
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caudal ganglionic eminence (Fig. S2D). Notably, almost all of the
neurons of the ventral MGE mantle zone stained for one cdhr
protein were also stained for the other (Fig. 2E).

Mutant Mice Deficient for Cdhr23 or Cdhr15 Have Abnormally Small
Numbers of Parvalbumin Interneurons in the AC. We then in-
vestigated whether interneurons expressing parvalbumin (PV) or
somatostatin (SST) (22), the two GABAergic interneuron pop-
ulations derived from Nkx2.1-expressing progenitors (23, 24),
were affected by the absence of cdhr23 or cdhr15. Markedly
fewer PV interneurons were detected in the AC of 3-wk-old
Cdhr23−/− mice (twofold fewer; P = 0.008) and Cdhr15av-3J/av-3J

mice (4.2-fold fewer; P = 0.004) lacking cdhr23 and cdhr15, re-
spectively, than in the AC of their wild-type littermates (Fig.
3A). By contrast, the numbers of AC SST interneurons were
unchanged (P = 0.14 and P = 0.15 in Cdhr23−/− and Cdhr15av-3J/av-3J

mice, respectively; Fig. 3C). Despite the strong reduction in the

number of PV interneurons in the AC, the cortical thickness of
the AC in wild-type (1,007 ± 31 μm, n = 8 mice), Cdhr23−/−

(955 ± 32 μm, n = 8 mice), and Cdhr15av-3J/av-3J (980 ± 21 μm,
n = 8 mice) mice, as well as the estimated surface of the AC per
section in wild-type (1.11 ± 0.09 mm2 per section, n = 5 mice),
Cdhr23−/− (1.16 ± 0.08 mm2 per section, n = 5 mice), and
Cdhr15av-3J/av-3J (1.15 ± 0.06 mm2 per section, n = 5 mice) mice,
were similar (P > 0.4 for all comparisons).
We asked whether this major PV interneuron deficit resulted

from the absence of cochlear mechanoelectrical transduction in
Cdhr23−/− and Cdhr15av-3J/av-3J mice by studying Cdhr23+/− and
Cdhr15+/av-3J heterozygous mice, which have no cochlear deficit
(25) (Fig. S3). At 3 to 4 wk of age, these mice also had fewer PV
interneurons in the AC, with interindividual variation, than wild-
type mice (1.6-fold and 1.8-fold fewer, on average, respectively;
P < 10−3; Fig. 3B). PV interneuron deficits are often impli-
cated in seizure disorders (26). We therefore investigated the

Fig. 2. Coexpression of Cdhr23 and Cdhr15 in MGE-derived postmitotic interneuron precursors in mice. (A) Diagram of the tangential migration routes of
MGE-derived interneurons on a coronal section of the mouse embryonic telencephalon on E13.5–E15.5. Coronal basal telencephalon sections of an Nkx2.1-
cre:Rosa-tdTomato E13.5 embryo immunostained for tdTomato and cdhr23 (B, Upper) or cdhr15 (C, Upper) are shown, with detailed views of the MGE shown
(B and C, Lower). Note the expression of cdhr23 and cdhr15 in tdTomato+ neurons of the striatum and globus pallidus. (D) Coronal sections of the MGE of a
wild-type E13.5 embryo immunostained for cdhr23 and MKI67, a cell proliferation marker. (E) Detailed view of the MGE of a wild-type E13.5 embryo
immunostained for cdhr23 and cdhr15. cp, cortical plate; d, dorsal; GP, globus pallidus; iz, intermediate zone; LGE, lateral ganglionic eminence; m, medial; mz,
marginal zone; NCx, neocortex; POA, preoptic area; svz, subventricular zone; vz, ventricular zone.
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susceptibility of Cdhr23+/− and Cdhr15+/av-3J mice to audiogenic
seizures, reflex seizures triggered by loud sounds (27). Audio-
genic seizures were observed in a large proportion of Cdhr23+/−

(51%, n = 49) and Cdhr15+/av-3J (38%, n = 50) mice, but not in
their wild-type littermates (n = 40 and n = 36, respectively; P <
10−4 for both comparisons). These seizures occurred only in mice

with at least a 1.6-fold decrease in the number of PV interneu-
rons in the AC (P < 10−4 for both comparisons; Fig. 3B). This
susceptibility was not linked to the sex of the affected mice (10 of
20 females and 11 of 23 males for affected Cdhr23+/− mice, P =
0.87; six of 20 females and 13 of 24 males for affected Cdhr15+/av-3J

mice, P = 0.19) or to the sex of the parent transmitting the

Fig. 3. Abnormally small number of PV interneurons in the AC of mice with mutations of Cdhr23 or Cdhr15. The density of PV interneuron cell bodies in the AC of
wild-type, Cdhr23−/− and Cdhr15av-3J/av-3J mice (A) and in the AC of Cdhr23+/− and Cdhr15+/av-3J mice with/without audiogenic seizures (AS+/AS− mice) on P27 (B) is
illustrated; coronal sections (Upper) and detailed views (Lower) are shown. Note that the remaining PV interneurons in Cdhr23−/− and Cdhr15av-3J/av-3J mice, and in
Cdhr23+/− and Cdhr15+/av-3J mice with audiogenic seizures, have lower density dendritic arborization than in wild-type mice. (C) Density of SST interneuron cell
bodies in the AC of wild-type, Cdhr23−/−, and Cdhr15av-3J/av-3J mice, and in the AC of Cdhr23+/− and Cdhr15+/av-3J AS+/AS− mice on P27; coronal sections of the AC of
wild-type, Cdhr23−/−, and Cdhr15av-3J/av-3J P27 mice immunostained for PV and SST are shown. Note that the SST interneuron density was not linked to a susceptibility
to audiogenic seizures (P = 0.22). The density of PV interneuron cell bodies in the somatosensory (D) and motor cortices (E) of wild-type, Cdhr23+/−, and Cdhr15+/av-3J

P27 mice is illustrated; coronal sections of the wild-type mice and Cdhr23+/−mice displaying audiogenic seizures immunostained for PV and SST are shown. Data are
means ± SEM, with individual values (open circles). The number of mice analyzed for each genotype is indicated between brackets. **P < 10−2, ns, not significant,
nonparametric two-tailed Mann–Whitney test. AS+/AS− mice, mice with/without audiogenic seizures; d, dorsal; H, hippocampus; l, lateral; m, medial.
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mutation (14 of 25 and 10 of 18 offspring produced by Cdhr23+/−

mothers and fathers, respectively, P = 0.77; six of 15 and 13 of
29 offspring produced by Cdhr15+/av-3J mothers and fathers, re-
spectively, P = 0.98). In contrast, the numbers of SST interneurons
were normal in the AC of Cdhr23+/− and Cdhr15+/av-3J mice (P =
0.91 and P = 0.85, respectively; Fig. 3C). Notably, the numbers of
PV interneurons in the somatosensory and motor cortices were
unaffected in Cdhr23+/− and Cdhr15+/av-3J mice (P = 0.63, P = 1 and
P = 0.11, P = 0.85 in the somatosensory cortex of Cdhr23+/−

and Cdhr15+/av-3J mice and in the motor cortex of Cdhr23+/− and
Cdhr15+/av-3J mice, respectively; Fig. 3 D and E). Thus, the absence
of cdhr23 or cdhr15 severely impairs the development of PV in-
terneurons in the AC but not in other cortices.

Mutant Mice Deficient for Cdhr23 or Cdhr15 in GABAergic Interneurons
Have Abnormally Small Numbers of PV Interneurons in the AC. We
looked for the origin of the PV interneuron deficit in Cdhr23−/−

and Cdhr15av-3J/av-3J mice. We used Nkx2.1-cre:Rosa-tdTomato
mice (19) to inactivate Cdhr23 and Cdhr15 conditionally in
MGE-derived interneuron precursors. Nkx2.1 is transiently
expressed by cortical interneuron precursors of the MGE and
preoptic area, which give rise to all of the PV and SST interneurons
of the neocortex (19, 28). We crossed Nkx2.1-cre:Rosa-tdTomato
mice (19) with either Cdhr23lox/lox mice (29) or Cdhr15lox/lox mice to
obtain Nkx2.1-cre:Rosa-tdTomato; Cdhr23lox/lox mutant mice or
Nkx2.1-cre:Rosa-tdTomato; Cdhr15lox/lox mutant mice [hereafter
referred to as Cdhr23 conditional KO (cKO) or Cdhr15 cKO mice].
Cdhr23lox/lox or Cdhr15lox/lox littermates that do not express cre, or
Nkx2.1-cre:Rosa-tdTomato mice, were used as controls. On P27,
audiogenic seizures were detected in 87% of Cdhr23 cKOmice (n =
18) and 73% of Cdhr15 cKO mice (n = 15), but in none of their
control littermates (P < 10−5 and P < 10−3 for Cdhr23 cKO and
Cdhr15 cKO mice, respectively). Markedly fewer PV interneurons
were detected in the AC of P27 Cdhr23 cKO (2.3-fold fewer; P =
0.008) and Cdhr15 cKO mice (2.4-fold fewer; P = 0.008) than in
Nkx2.1-cre:Rosa-tdTomato mice (Fig. 4 and Fig. S4). In contrast,
the numbers of SST interneurons in the AC were normal in Cdhr23
cKO (P = 0.69) and Cdhr15 cKO mice (P = 0.22; Fig. 4). The
numbers of tdTomato+ interneurons, in which PV or SST was not
detected, were unchanged in Cdhr23 cKO (P = 0.42) and Cdhr15
cKO mice (P = 0.15; Fig. 4), which excludes the possibility that a
mere loss of PV expression without loss of interneurons could ac-
count for the abnormally small number of PV interneurons. This
finding demonstrates that the deficit of PV interneurons in the AC
results from the lack of expression of Cdhr23 or Cdhr15 in MGE-
derived interneuron precursors.

Loss of PV Interneurons upon in Situ Deletion of Cdhr15 in the
Temporal Cortex of Newborn Mice. We then assessed the role of
cdhr23 and cdhr15 at early postnatal stages by studying the im-
pact of a postnatal in situ deletion of Cdhr15 in the temporal
cortex. A lentiviral vector encoding a cre recombinase fused to
the green fluorescent protein (LV-cre-GFP) was injected into the
temporal cortex of Cdhr15lox/lox mice on P1 (LV-cre-GFP P1-
injected Cdhr15lox/lox mice), when immature neurons begin to
form synapses (30). Cdhr15 and cdhr23 were no longer detected
in the AC of these mice on P5 (Fig. 5A). Moreover, in these
mice, but not in LV-cre-GFP P1-injected wild-type mice, many
AC neurons stained for both GFP and the GABAergic inter-
neuron marker Dlx5 (31) expressed, mostly in layer IV, caspase-3,
a protein involved in cell apoptosis (Fig. S5B). On P24, audio-
genic seizures were observed in all LV-cre-GFP P1-injected
Cdhr15lox/lox mice (n = 12), but not in LV-cre-GFP P1-injected
wild-type mice (n = 7; P < 10−4) or other controls, including
noninjected Cdhr15lox/lox mice (n = 8, P < 10−4), LV-GFP P1-
injected Cdhr15lox/lox mice (n = 4, P < 10−3), and Cdhr15lox/lox

mice receiving an LV-cre-GFP injection into the temporal cortex
on P10 (n = 8, P < 10−4) or into the motor cortex on P1 (n = 9,

P < 10−4). LV-cre-GFP P1-injected Cdhr15lox/lox mice that re-
ceived an injection in the temporal cortex had markedly fewer
PV interneurons in the AC (2.6-fold fewer) than LV-cre-GFP P1-
injected wild-type mice (n = 6 for both genotypes; P = 0.004; Fig.
5 B and C), with unaffected auditory brainstem response
thresholds (Fig. S5A). Thus, PV interneuron deficits restricted to
the AC can cause audiogenic seizures. Moreover, these results
demonstrate the crucial role of cdhr15 in the survival of imma-
ture interneurons of the AC that give rise to PV interneurons.

A Population of Interneuron Precursors Requires both Cdhr23 and
Cdhr15 to Enter the Embryonic Cortex. We then investigated a
possible role of cdhr23 and cdhr15 in the early development of
cortical interneurons. On E14.5–E15.5, in Nkx2.1-cre:Rosa-
tdTomato embryos, tdTomato+ interneuron precursors express-
ing Cdhr23 (cdhr23+) and/or Cdhr15 (cdhr15+) were detected
within the subpallium and along the superficial and deep tan-
gential migratory routes of interneurons in the developing cortex
(23) (Fig. 6A and Figs. S1C and S6A). In contrast to the post-
natal in situ deletion of Cdhr15 that led to the lack of expression
of Cdhr23 in the developing AC, interneuron precursors of
Cdhr23−/− and Cdhr15−/− embryos each retained the expression

Fig. 4. Abnormally small number of PV interneurons in the AC of mice with
conditional deletion of Cdhr23 or Cdhr15 in MGE-derived interneuron pre-
cursors. (A) Coronal sections of the AC of Nkx2.1-cre:Rosa-tdTomato, Cdhr23
cKO, and Cdhr15 cKO mice on P27 immunostained for PV and tdTomato.
(B) Bar graphs showing the density of cell bodies of PV interneurons, SST
interneurons, and tdTomato+ interneurons that do not express PV or SST in
the AC of Nkx2.1-cre:Rosa-tdTomato, Cdhr23 cKO, and Cdhr15 cKO mice on
P27. Data are means ± SEM, with individual values (open circles). The
number of mice analyzed for each genotype is indicated between brackets.
**P < 10−2, ns, not significant, nonparametric two-tailed Mann–Whitney
test. d, dorsal; l, lateral.

Libé-Philippot et al. PNAS | July 25, 2017 | vol. 114 | no. 30 | 7769

N
EU

RO
SC

IE
N
CE

IN
A
U
G
U
RA

L
A
RT

IC
LE

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1703408114/-/DCSupplemental/pnas.201703408SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1703408114/-/DCSupplemental/pnas.201703408SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1703408114/-/DCSupplemental/pnas.201703408SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1703408114/-/DCSupplemental/pnas.201703408SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1703408114/-/DCSupplemental/pnas.201703408SI.pdf?targetid=nameddest=SF6


of cdhr15 and cdhr23, respectively. Remarkably, on E14.5, cdhr15+

and cdhr23+ neurons in Cdhr23−/− and Cdhr15−/− embryos, re-
spectively, were abnormally scattered throughout the subpallium
(Fig. 6B), with no signs of apoptosis (Fig. S7A). They were absent
from the embryonic cortex, whereas the streams of tangentially
migrating neurons stained for doublecortin appeared unaffected
(Fig. S7B). The fluorescence ratio between cdhr signals in the
embryonic cortex and subpallium was much lower in Cdhr23−/−

(0.07 ± 0.04, n = 5) and Cdhr15−/− (0.17 ± 0.05, n = 5) embryos
than in wild-type embryos (1.2 ± 0.07, n = 7; P = 0.003 for both
comparisons). Thus, both cdhr23 and cdhr15 play crucial roles in
the migration of MGE-derived interneuron precursors toward
the embryonic cortex.

Cell Polarity Defects in Cdhr23−/− and Cdhr15−/− MGE-Derived
Interneuron Precursors. We therefore explored whether the ab-
sence of cdhr23 or cdhr15 affected the migration of MGE-
derived interneuron precursors on synthetic substrates in
vitro. Cdhr15+ or cdhr23+ neurons leaving E13.5 Cdhr23−/− or
Cdhr15−/− MGE explants, respectively, cultured on a laminin
substrate, migrated over much smaller areas (2.4-fold and 6.7-
fold smaller, respectively) than cdhr23+/cdhr15+ neurons leaving
wild-type MGE explants (P < 10−2 for both comparisons; Fig.
S6B). By contrast, the migration area was unaffected by culturing
MGE explants on a cadherin-2 (cdh2, N-cadherin)/laminin sub-
strate stimulating neurite outgrowth in vitro (32) (Materials and
Methods; P > 0.4 for both comparisons; Fig. S6C). Both
cdhr23 and cdhr15 were localized at the leading processes and
growth cones (Fig. 6C and Fig. S6 D and E). They were coex-
pressed in 87% of the neurons leaving E13.5 wild-type MGE

explants that express cdhr23 and/or cdhr15 (n = 108 neurons).
The percentage of neurons with more than one process was
threefold greater in cdhr15+ neurons leaving Cdhr23−/− explants
(18%, n = 131 neurons; P = 0.004) than in cdhr23+/cdhr15+

neurons leaving wild-type explants (6%, n = 113 neurons), but
was unaffected in cdhr23+ neurons leaving Cdhr15−/− explants
(n = 118 neurons; P = 0.74; Fig. 6C). In cdhr23+ neurons mi-
grating from Cdhr15−/− explants, however, the centrosome was
randomly distributed around the nucleus rather than preferen-
tially facing the leading process as in cdhr23+/cdhr15+ neurons
migrating from wild-type explants (Kolmogorov–Smirnov test,
P < 10−3; Fig. 6C) and cdhr15+ neurons migrating from Cdhr23−/−

explants (Kolmogorov–Smirnov test, P = 0.95). These cell polarity
deficits of newborn interneurons are consistent with the in vivo
misrouting of interneuron precursors (32) in Cdhr23−/− and
Cdhr15−/− embryos (Fig. 6B). They suggest that both cdhr23 and
cdhr15 contribute to interneuron precursor cell polarity, but
through different activities.

Impaired Entry of MGE-Derived GABAergic Interneurons Expressing
Cdhr23 and Cdhr15 into the Embryonic Cortex of Mutant Mice Lacking
Adgrv1. We then asked whether the hair bundle of auditory hair
cells and the interneurons of the AC share other critical proteins
for their respective development. Based on the susceptibility to
audiogenic seizures of Adgrv1−/− mice, which have a moderate
hearing impairment on P20–P30 (33–35), we focused on adgrv1,
a member of the adhesion G protein-coupled receptor family
with a very long extracellular region that forms transient lateral
links between stereocilia, the ankle links, during hair bundle
development (36, 37) (Fig. S1 A and B). On P24, audiogenic
seizures were observed in all Adgrv1−/− mice (n = 36), but in
none of the Adgrv1+/− mice (n = 21; P < 10−13). Adgrv1−/− mice
also had fewer PV interneurons in the AC than their Adgrv1+/−

littermates (3.1-fold fewer, n = 5 for both genotypes; P = 0.008;
Fig. 7A), but normal numbers of AC SST interneurons (P = 0.2;
Fig. 7B).
In E13.5–E14.5 mice, adgrv1 was detected in the subpallium,

including the mantle zone of the MGE and the MGE ventricular
zone containing MKI67-labeled progenitors (Fig. 7C and Fig.
S8A). On E18.5, adgrv1 was mostly detected in the nestin-labeled
processes of radial glial cells in the AC (Fig. S8B). In E14.5
Adgrv1−/− mice, the entry of neurons expressing cdhr23 and
cdhr15 into the embryonic cortex was impaired (Fig. 7D). The
fluorescence ratio between cdhr-immunoreactive signals in the
embryonic cortex and subpallium was 34% lower in Adgrv1−/−

embryos (0.8 ± 0.04, n = 7) than in wild-type embryos (1.2 ±
0.07, n = 7; P < 10−3). Thus, adgrv1 is also involved in the de-
velopment of PV interneurons in the AC, as well as in the entry
of cdhr23- and cdhr15-expressing interneuron precursors into
the embryonic cortex.

Similar Expression Profiles of Cdhr23, Cdhr15, and Adgrv1 in the
Mouse and Macaque. Finally, we addressed the issue of the con-
servation of expression profiles for cdhr23, cdhr15, and adgrv1 in
primate embryos. In E63 macaque embryos [equivalent to E13–
E14 mice (38)], the three proteins were immunodetected in the
MGE (Fig. 8A). On E85 (equivalent to E17–E18 in the mouse)
(38), cdhr23 and cdhr15 were detected in Dlx5-immunoreactive
GABAergic interneuron precursors of the AC (31) (Fig. 8 B
and C and Fig. S9) and adgrv1 was detected in the nestin-
labeled processes of AC radial glial cells (Fig. 8 B and D and
Fig. S9). The expression profiles of cdhr23, cdhr15, and adgrv1
in the embryonic telencephalon are thus similar in the mouse
and macaque.

Discussion
Our results reveal that AC interneuron development is impaired
in mutant mice defective for Cdhr23, Cdhr15, or Adgrv1. The lack

Fig. 5. In situ conditional deletion of Cdhr15 in the AC of mice induces
susceptibility to audiogenic seizures and a reduced number of PV inter-
neurons. (A, Right) Coronal sections of the AC of wild-type and Cdhr15lox/lox

P5 mice injected on P1 with the LV-cre-GFP recombinant virus, immunostained
for cdhr23 and cdhr15. (A, Left) Site of injection is indicated in the diagram.
(B) Detailed view of PV-immunoreactive interneurons in AC coronal sections
from LV-cre-GFP P1-injected wild-type (Left) and Cdhr15lox/lox (Right) mice on
P24. (C) Density of PV interneuron cell bodies in mice tested for susceptibility to
audiogenic seizures. Data are individual values (open circles). **P < 10−2, non-
parametric two-tailed Mann–Whitney test. d, dorsal; l, lateral.
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of cdhr23, cdhr15, or adgrv1 in these mice affects the entry of
Cdhr15-, Cdhr23-, and Cdhr23-/Cdhr15-expressing interneuron
precursors, respectively, into the embryonic cortex, leading to a
greatly decreased number of PV interneurons in the AC (Fig. S1).
The observed interneuron precursor migration deficits are not

a consequence of the peripheral auditory impairment present in
Cdhr23−/−, Cdhr15av-3J/av-3J, and Adgrv1−/− mice (12–14), because
they are detectable as early as E14.5, long before the onset of
hearing (∼P12–P13 in mice). The abnormally small number of
PV interneurons in the AC and the susceptibility to audiogenic
seizures induced by the in situ deletion of Cdhr15 in the temporal
cortex on P1 revealed an additional intrinsic role of cdhr15 in the
developing AC before the onset of hearing. Given the coex-
pression of Cdhr23 and Cdhr15 in immature interneurons of the
AC, and the lack of expression of Cdhr23 on P5 after the de-
letion of Cdhr15, cdhr23 probably plays a similar role in the early
postnatal AC. Finally, a cortical origin for the PV interneuron
deficit in the AC is further supported by the observation of a similar
defect in Cdhr23+/− and Cdhr15+/av-3J mice and in Cdhr23 cKO and
Cdhr15 cKO mice, which have no peripheral hearing deficit.
Converging lines of evidence indicate that the Cdhr23- and

Cdhr15-expressing interneuron precursors of the MGE develop
into PV interneurons of the AC. Cdhr23- and Cdhr15-expressing
interneuron precursors are found in the ventral part of the MGE
on E13.5, the time and place at which future cortical PV in-
terneurons are generated (39). From E13.5 to P7, labeling
for cdhr23 and cdhr15 is limited to MGE-derived interneuron
precursors, which mature into PV and SST interneurons. By
P5, Cdhr23- and Cdhr15-expressing interneuron precursors are
mostly found accumulated in cortical layer IV in the AC, the

preferential location of PV interneurons (40). The number of
SST interneurons, the other subclass of MGE-derived inter-
neurons, was not affected in Cdhr23, Cdhr15, and Adgrv1 mutant
mice. Moreover, Cdhr23 and Cdhr15 expression in interneu-
ron precursors was found to be restricted to the developing
AC on E18.5, like the decrease in the number of PV interneu-
rons in 3-wk-old Cdhr23 and Cdhr15 mutant mice. Finally, the
conditional deletion of Cdhr23 and Cdhr15 in MGE-derived
interneurons at the progenitor stage reproduced the PV inter-
neuron deficit and led to a susceptibility to audiogenic seizures.
Together, these results demonstrate that the population of
Cdhr23- and Cdhr15-expressing interneuron precursors of the
MGE gives rise to a large fraction of the PV interneurons in
the AC.
The numbers of PV interneurons in the AC of Cdhr23+/− and

Cdhr15+/av-3J mice, although systematically small, differed
strongly between individual mice, as did susceptibility to audio-
genic seizures. The origin of this heterogeneity remains unclear,
but it was not related to the sex of the affected heterozygous
mouse or of the parent transmitting the mutation (which would
have suggested genomic imprinting of Cdhr23 and Cdhr15).
Genetic background or a random monoallelic expression of
Cdhr23 and Cdhr15 in the telencephalon [already reported for
both genes in neural progenitor cells derived from mouse ES
cells (41)] may account for this variability.
What roles do cdhr23 and cdhr15 play in interneuron pre-

cursors? Migration areas were markedly smaller for cdhr15+

interneuron precursors and cdhr23+ interneuron precursors
growing out of Cdhr23−/− and Cdhr15−/− MGE explants cultured
on laminin substrate, respectively, than for cdhr23+/cdhr15+ in-
terneuron precursors growing out of wild-type MGE explants,

Fig. 6. Critical role of Cdhr23 and Cdhr15 in the migration of MGE-derived interneuron precursors. (A) Coronal section of the telencephalon in an Nkx2.1-cre:Rosa-
tdTomato E15.5 mouse embryo immunostained for tdTomato and cdhr23 (Upper), and a detailed view of the neocortex (Lower). (B) Coronal sections of the telen-
cephalon in wild-type, Cdhr23−/−, and Cdhr15−/− E14.5 mouse embryos immunostained for both cdhr23 and cdhr15 (Left), cdhr15 (Center), and cdhr23 (Right), re-
spectively. (C) Representative neurons migrating fromMGE explants of a wild-type mouse, cultured on a cdh2/laminin substrate, and immunostained for actin, cdhr23,
and cdhr15 without permeabilization (Left) or immunostained for actin and the centrosome marker γ-tubulin (arrowheads) after permeabilization (Center). (Right)
Histograms show the distribution of centrosome angular positions (diagram) in unipolar cells, and the chart indicates the number of processes (one, two, or three) of
cdhr15+ and cdhr23+ neurons derived from Cdhr23−/− and Cdhr15−/− MGE explants, cultured on cdh2/laminin substrate, respectively. **P < 10−2, ***P < 10−3; ns, not
significant, Kolmogorov–Smirnov test for the centrosome angular position data and χ2 test for the cell polarity data. c, centrosome; cp, cortical plate; d, dorsal; gc.,
growth cone; iz, intermediate zone; LGE, lateral ganglionic eminence; m, medial; mz, marginal zone; NCx, neocortex; svz, subventricular zone; vz, ventricular zone.
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suggesting a motility deficit and/or a polarity defect of these
migrating neurons. The migration areas observed on a substrate
consisting of cdh2 and laminin, promoting the motility of inter-
neuron precursors, were no smaller than normal, but neurons
lacking either cdhr23 or cdhr15 displayed cell polarity defects,
albeit with different manifestations. These cell polarity defects
are consistent with the dispersion of these interneuron precursors
in the subpallium of mutant embryos. On P1, a developmental time
point at which interneuron precursors have reached their final AC
destination, the in situ deletion of Cdhr15 in the temporal cortex
led to apoptosis of local interneuron precursors. This additional
role of cdhr15 may reflect the early involvement of this cdhr in
GABAergic interneuron synaptogenesis, which is considered to be
essential for interneuron survival (42). This dual role is reminiscent
of the role reported for two other adhesion proteins in GABAergic
interneuron precursors in the embryonic telencephalon: celsr3
(also known as adgrc3) (43) [from the flamingo cadherin (9) and
adhesion G protein-coupled receptor families (44)] and cdh2 (32).
However, these two proteins are not required for the specific
targeting of interneuron precursors to a particular neocortical
area. Cdh2 is critically involved in the cell polarity and mi-
gration of GABAergic interneuron precursors, whereas celsr3 is
required for the entry of interneuron precursors expressing
calbindin-2 (also known as calretinin) into the embryonic cortex,
and both proteins are also involved in synaptogenesis (45, 46).
Previous studies have shown that most clonally related inter-

neurons derived from the MGE are targeted to one telenceph-
alon structure (47–49), where they form clusters (50, 51).
Regardless of the possible clonal relationship between Cdhr23-
and Cdhr15-expressing GABAergic interneuron precursors in
the AC, our results indicate that these precursors are targeted
specifically to the AC immediately after their birth. Based on the

critical role of adhesion proteins cdhr23 and cdhr15 in the tar-
geting and survival of newly born GABAergic interneuron pre-
cursors in a specific cortical area (the developing AC) reported
here, we suggest that there is an “adhesion code” that functions
early in development and targets particular populations of newborn
MGE-derived GABAergic interneuron precursors to functionally
specific areas of the neocortex.
The conservation, from the mouse to macaque, of the ex-

pression profiles of the three proteins studied here suggests the
existence of an intrinsic deficit of PV interneurons in the AC of
humans carrying CDHR23, CDHR15, or ADGRV1 mutations,
despite differences in the origin of these neurons in the human
brain (52). After the fitting of cochlear implants, some of these
patients have been reported to face unusual speech-recognition
difficulties not observed in patients with mutations of other
deafness genes (53). These difficulties might be related to the in-
volvement of PV interneurons in the experience-driven neural
plasticity underlying AC maturation (8, 54) and the temporal pre-
cision of sound detection critical for speech perception (55). The
shaping of the perception of several acoustic features throughout
life, including frequency discrimination acuity (56) and the detection
of unexpected sounds, also involves PV interneurons of the AC (57).
The results presented here suggest the possible involvement of

other deafness genes underlying peripheral auditory deficits in
the development and functioning of the AC. Mutations of
CDHR23 or CDHR15 and of ADGRV1 are responsible for type
1 and type 2 Usher syndrome, respectively. These autosomal
recessive disorders combine congenital hearing impairment with
delayed-onset sight loss. The formation of protein complexes
containing cdhr23, cdhr15, or adgrv1, together with other Usher
syndrome gene products, in both hair cells and photoreceptor
cells (58–60) identifies these proteins as attractive candidates for

Fig. 7. Defective development of MGE-derived cdhr23+/cdhr15+ GABAergic interneurons in Adgrv1−/− mice. (A) Coronal sections of the AC of Adgrv1+/− and
Adgrv1−/− P27 mice immunostained for PV (Upper) with detailed views (Lower), and a bar graph showing the density of PV interneuron cell bodies. (B) Coronal
section of the AC of an Adgrv1−/− P27 mouse immunostained for PV and SST, and a bar graph showing the density of SST interneuron cell bodies in wild-type and
Adgrv1−/− mice. (C) Coronal sections of the telencephalon of an Nkx2.1-cre:Rosa-tdTomato mouse embryo on E14.5 immunostained for tdTomato and adgrv1
(Left), and a detailed view of the embryonic cortex (Right). (D) Coronal sections of the telencephalon of Adgrv1+/− (Left) and Adgrv1−/− (Right) mouse embryos on
E14.5 immunostained for cdhr23 and cdhr15. Data are means ± SEM with individual values (open circles). **P < 10−2, ns, not significant, nonparametric two-tailed
Mann–Whitney test. The number of mice analyzed for each genotype is indicated between brackets. cp, cortical plate; d, dorsal; H, hippocampus; iz, intermediate
zone; l, lateral; LGE, lateral ganglionic eminence; m, medial; mz, marginal zone; NCx, neocortex; svz, subventricular zone; vz, ventricular zone.
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involvement in AC interneuron development. Broadening our
view by identifying the other proteins involved will help to clarify
the evolutionary steps accounting for the use of the same es-
sential proteins for the development of the cochlea and the AC.
The impact of sensory deprivation on AC development in

people with genetic forms of deafness has so far overshadowed
the consideration of possible intrinsic cortical deficiencies. Ad-
vances in our understanding of the hidden intrinsic cortical
deficits of hereditary forms of deafness should provide a scien-
tific basis for improving auditory rehabilitation in patients and
for the development of cortical therapies. This work should also
pave the way for the development of a genetic approach to the
cellular and molecular mechanisms involved in AC development
and functioning.

Materials and Methods
A detailed description of the methods is available in SI Materials and
Methods. Animal experiments were carried out in accordance with French
and European regulations. Approval for the experiments using animals was
obtained from the Animal Use Committee of the Institut Pasteur. Suscepti-
bility to audiogenic seizures was evaluated using high-intensity (100–110 dB)
continuous pure tones (8–15 kHz) lasting up to 1 min. Hearing tests were
performed as described by Møller and Jannetta (61) and Avan et al. (62). For
immunofluorescence analyses, the antibodies directed against cdhr23 and
cdhr15 were used as described by Pepermans et al. (16) and Sahly et al. (59).
Culture of MGE explants and quantification of neuronal migration were
carried out as described by Luccardini et al. (32).
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