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Cellular/Molecular

A Receptor-Like Inositol Lipid Phosphatase Is Required for
the Maturation of Developing Cochlear Hair Bundles

R.]. Goodyear,! P. K. Legan,' M. B. Wright,> W. Marcotti,' A. Oganesian,’ S. A. Coats,” C. J. Booth,? C. J. Kros,'
R. A. Seifert,> D. F. Bowen-Pope,? and G. P. Richardson!

1School of Biological Sciences, University of Sussex, Falmer, Brighton, BN1 9QG, United Kingdom, and ?Department of Pathology, University of
Washington, Seattle, Washington 98195

A screen for protein tyrosine phosphatases (PTPs) expressed in the chick inner ear yielded a high proportion of clones encoding an avian
ortholog of protein tyrosine phosphatase receptor Q (Ptprq), a receptor-like PTP. Ptprq was first identified as a transcript upregulated in
ratkidney in response to glomerular nephritis and has recently been shown to be active against inositol phospholipids. An antibody to the
intracellular domain of Ptprq, anti-Ptprq, stains hair bundles in mice and chicks. In the chick ear, the distribution of Ptprq is almost
identical to that of the 275 kDa hair-cell antigen (HCA), a component of hair-bundle shaft connectors recognized by a monoclonal
antibody (mAb) that stains inner-ear hair bundles and kidney glomeruli. Furthermore, anti-Ptprq immunoblots a 275 kDa polypeptide
immunoprecipitated by the anti-HCA mAb from the avian inner ear, indicating that the HCA and Ptprq are likely to be the same molecule.
In two transgenic mouse strains with different mutations in Ptprq, anti-Ptprq immunoreactivity cannot be detected in the ear. Shaft
connectors are absent from mutant vestibular hair bundles, but the stereocilia forming the hair bundle are not splayed, indicating that
shaft connectors are not necessary to hold the stereocilia together; however, the mice show rapid postnatal deterioration in cochlear
hair-bundle structure, associated with smaller than normal transducer currents with otherwise normal adaptation properties, a progres-
sive loss of basal-coil cochlear hair cells, and deafness. These results reveal that Ptprq is required for formation of the shaft connectors of

the hair bundle, the normal maturation of cochlear hair bundles, and the long-term survival of high-frequency auditory hair cells.
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Introduction

The sensory epithelia of the inner ear are composed of two types
of polarized epithelial cells: hair cells and their surrounding sup-
porting cells. Hair cells have a mechanosensitive hair bundle lo-
cated at their apical end. The hair bundle is composed of modi-
fied microvilli, known as stereocilia, that are arranged in rows of
increasing height and coupled to one another by a number of
morphologically distinct links: tip links, horizontal top connec-
tors, shaft connectors, and ankle links (Bagger-Sjobéack and Wer-
sdll, 1973; Pickles et al., 1984; Furness and Hackney, 1985; Csukas
etal., 1987; Jacobs and Hudspeth, 1990; Nagel et al., 1991; Good-
year and Richardson, 1992, 1999) [see Goodyear and Richardson
(1994) their Fig. 1, for a summary diagram of link distribution on
chick hair bundles]. Most hair bundles also possess a single kino-
cilium located immediately adjacent to the tallest row of stereo-
cilia. A fifth link type, the kinocilial link, connects the kinocilium
to its neighboring stereocilia (Hillman, 1969; Bagger-Sjobick and
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Wersill, 1973; Erneston and Smith, 1986; Nagel et al., 1991;
Goodyear and Richardson, 2003). The available evidence indi-
cates that the tip link gates the mechanotransducer channel of the
hair cell (Pickles et al., 1984; Assad et al., 1991; Kachar et al.,
2000). The functions of the other link types are not known, al-
though they may serve to transmit forces across the hair bundle
and maintain its structural integrity.

Little is known about the molecular composition of these var-
ious link types. In the chick, they can be distinguished by their
relative sensitivities to the calcium chelator BAPTA and the pro-
tease subtilisin (Goodyear and Richardson, 1999). Monoclonal
antibodies have been raised that recognize epitopes associated
with these links in the chick. The 275 kDa hair-cell antigen
(HCA) (Richardson et al., 1990) is associated with shaft connec-
tors (Goodyear and Richardson, 1992), the ankle-link antigen
(ALA) is a component of ankle links (Goodyear and Richardson,
1999), and the tip-link antigen (TLA) is associated with tip links
and kinocilial links (Goodyear and Richardson, 2003). Although
these antigens are detected only on hair bundles within the inner
ear, the epitopes recognized by the anti-ALA and anti-TLA
monoclonal antibodies (mAbs) are also expressed in the retina
where they localize to the ciliary calyx of the photoreceptor
(Goodyear and Richardson, 1999, 2003), and the HCA is ex-
pressed in the kidney where it is associated with the podocytes of
the glomeruli (Richardson et al., 1990).

The nonsensory supporting cells of the inner ear have mi-
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crovilli on their apical surface, similar to those found at the apex
of other polarized epithelial cell types. A monoclonal antibody
recognizing the apical surface of supporting cells and brush-
border membranes in the gut and the kidney reacts with a
receptor-like protein tyrosine phosphatase (RPTP) known as the
supporting-cell antigen (Kruger etal., 1999). During a degenerate
RT-PCR screen for other RPTPs expressed in the sensory epithe-
lia of the chick inner ear, a large proportion of the clones isolated
were found to encode an avian ortholog of rat Ptprq, an RPTP
originally discovered from a transcript upregulated in kidney
mesangial cells in response to glomerular nephritis (Wright et el.,
1998). Recent studies have shown that Ptprq is highly active
against inositol phospholipids (Oganesian et al., 2003). In this
study, we reveal that Ptprq is required for shaft-connector forma-
tion and the normal maturation of developing cochlear hair bun-
dles, and provide evidence that the HCA is Ptprq.

Materials and Methods

Degenerate RT-PCR. Degenerate PCR primers based on conserved se-
quences in the catalytic domain of PTPs were designed according to
Norris et al. (1997). Forward primers incorporated BamHI sites, and
reverse primers incorporated EcoRI sites. The following forward primers
were based on the amino acid consensus sequence FWXMXW: PTPFI,
CGGGATCCAYTTYTGGVRRATGRTNTGG; PTPF2, CGGGATC-
CAYTTYTGGMDKATGRTHTGGSA. Reverse primers based on the
amino acid consensus sequence HCSAG were the following: PTPRI,
CGGAATTCCNAYDCCHGCRCTRCARTG; PTPR2, CGGAATTCGC-
CCRAYNGCNGCNCTRCARTG; PTPR3, CGGAATTCCTAGACC-
NGCRCTRCARTG. Total RNA was isolated from 12 utricles of postnatal
day (P) 2 chicks using Trizol (Invitrogen, Paisley, UK). First-strand
cDNA was synthesized from 1.0 ug of total RNA using 0.5 ug of oligo
d(T) primers, 1 mm dNTP, and 15 U of avian myeloblastosis virus reverse
transcriptase (Promega UK, Southampton, UK) in 20 ul of 10 mm Tris-
HCI, pH 9.1, 50 mm KCl, 0.1% Triton X-100 at 42°C for 60 min. The
first-strand cDNA was denatured at 98°C for 5 min, chilled on ice, and
diluted to a final volume of 100 ul with water. Aliquots (5 ul) of first-
strand cDNA were amplified by PCR using TaqEXPRESS (Genetix, New
Milton, UK) and the following primer pairs: PTPF1 with PTPR1, PTPF2
with PTPR2, and PTPF1 with PTPR3. Reactions were hot started by
adding 50 mm MgCl, to a final concentration of 2 mwm and cycled five
times at 98°C for 15 sec, 47°C for 15 sec, and 68°C for 30 sec, followed by
30 cycles at 98°C for 15 sec, 53°C for 15 sec, and 68°C for 30 sec. Reactions
were separated on 1% agarose preparative gels and products of ~400 bp
isolated with Geneclean (Anachem, Luton, UK). Products were digested
with BamHI and EcoRI and ligated into doubly digested pBluescript SK-.
Ligation mixes were transformed into Escherichia coli X11-Blue, and re-
combinant plasmids were identified by blue-white screening. Sixteen
white colonies were picked, plasmids were miniprepped, and the DNA
sequences of the inserts were determined on both strands. Several hun-
dred of the remaining white colonies were picked into single wells of
96-well plates containing 100 ul of Luria-Bertani (LB) medium supple-
mented with 10% glycerol. Plates were sealed and incubated overnight
with shaking at 37°C. The 96-well plates were then replica plated onto LB
agar containing 50 ug/ml ampicillin. The 96-well plates were stored at
—80°C, and the replica plates were grown overnight at 37°C. Colony lifts
were prepared from the replica plates and probed with *2P-labeled in-
serts pooled from all sequenced plasmids. Colonies that did not hybridize
to the mixed probe were identified as novel. They were grown overnight,
plasmid DNA was prepared, and DNA sequence was obtained. The sim-
ilarity of clones to known PTPs was assessed using Basic Local Alignment
Search Tool searches (Altschul et al., 1990).

Immunofluorescence microscopy. Tissues were fixed in 3.7% formalde-
hyde/0.025% glutaraldehyde in 0.1 M sodium phosphate buffer, pH 7.4,
for 1 hr at room temperature, washed three times with PBS (150 mm
NaCl, 10 mm sodium phosphate, pH 7.2), equilibrated overnight at 4°C
with 30% sucrose in PBS, and imbedded in 1% low gelling point agarose
(type VIL; Sigma, Poole, UK) in PBS containing 18% sucrose. Agarose
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blocks containing the tissues were rapidly frozen onto cryotome chucks
using Cryospray (Bright Instrument, Huntingdon, UK) and sectioned to
a thickness of 10 wm at a temperature of —30°C. Sections were mounted
onto gelatin-coated glass microscope slides, dried, and stored at —20°C
until use. For immunostaining, cryosections were preblocked with Tris-
buffered saline (TBS) (150 mm NaCl, 10 mm Tris-HCI, pH 7.4) contain-
ing 10% heat-inactivated horse serum (TBS/HS) for 1 hr, stained over-
night with primary antibodies diluted in TBS/HS, and washed three
times with TBS. Bound primary antibodies were detected by incubating
the sections in FITC-conjugated swine anti-rabbit Ig or FITC-conjugated
rabbit anti-mouse Ig followed by FITC-conjugated swine anti-rabbit Ig
(Dako, Peterborough, UK) diluted (1:100) in TBS/HS for 1 hr. To double
label for F-actin, sections were additionally stained with 10 ng/ml
rhodamine-conjugated phalloidin (Sigma). To triple label chick inner
ear sections for the HCA, Ptprq, and F-actin, sections were incubated
overnight in a mixture of anti-HCA mAb and anti-Ptprq antibody (both
at a dilution of 1:100), washed, and labeled with a mixture of FITC-
conjugated goat anti-mouse IgG (Sigma), rhodamine-conjugated swine
anti-rabbit Ig (Dako), and Alexa 350-conjugated phalloidin (Molecular
Probes, Cambridge BioSciences, Cambridge, UK), all at a dilution of
1:100. To double label chick kidney section for the HCA and Ptprq,
sections were incubated overnight in the same mixture of primary anti-
bodies, followed by Alexa 488-conjugated goat anti-rabbit Ig (1:500 di-
lution) and rhodamine-conjugated goat anti-mouse IgG (Sigma; 1:200
dilution). Sections were finally washed three times in TBS, mounted in
Vectashield (Vector Laboratories, Peterborough, UK), and viewed using
either a Zeiss Axioplan 2 microscope equipped with an 100 W Attoarc
fluorescence illuminator or a Zeiss LSM510 confocal microscope. For the
confocal color images, the anti-HCA mADb staining was pseudocolored
green, the anti-Ptprq antibody staining was red, and the phalloidin stain-
ing was blue. The following antibodies and antisera were used in this
study: mouse monoclonal anti-HCA D10 (Richardson et el., 1990),
mouse monoclonal anti-TLA G19 (Goodyear and Richardson, 2003),
rabbit antibodies to the recombinant intracellular domain of rat Ptprq
(amino acids R1932 to the C terminus, M2302; GenBank accession number
AF063249) (Seifert et al., 2003), and rabbit antibodies to the C-terminal
peptide of rat Ptprq (HQPVCFVNYSTLQKMDSLDAMEGD). Rabbit
antibodies were affinity purified on their respective antigens.

Phalloidin staining of mouse cochlear whole mounts. Inner ears from
embryonic and early postnatal mice were fixed as described above,
washed three times in PBS, and dissected to expose the organ of Corti by
removing the cartilaginous capsule and the lateral wall of the cochlear
duct. The combined greater and lesser epithelial ridges were then de-
tached as a single spiral coil from the central modiolar core of the cochlea
and stained with rhodamine-conjugated phalloidin at a concentration of
10 ng/ml in TBS containing 0.1% Triton X-100 (TBS/TX) for 30 min at
room temperature. After several washes in TBS/TX, the spirals were sep-
arated into an apical and a basal portion, mounted in Vectashield, and
viewed with a Zeiss LSM510 confocal microscope using 63X water im-
mersion lens (numerical aperture 1.2).

Light and electron microscopy. With tissues from mice of 7 d and older,
the inner ears were placed in PBS, small holes were made in the oval and
round windows and in the bony shell at the apex of the cochlea, a small
amount of fixative (~50 ul) was directed through these openings, and
the samples were placed in fixative for 2 hr. With tissues from younger
animals, the entire labyrinth was immersed directly in fixative. For scan-
ning electron microscopy, the tissues were fixed in 2.5% glutaraldehyde
in 0.1 M sodium cacodylate, pH 7.2. For light and transmission electron
microscopy (TEM), labyrinths were fixed in 2.5% glutaraldehyde in 0.1 m
sodium cacodylate, pH 7.2. In most cases the primary fixative also con-
tained either 1% tannic acid or 0.5% ruthenium red. To provide optimal
fixation of shaft connectors, utricular maculas were dissected from
the labyrinths in HEPES-buffered (10 mm, pH 7.2) HBSS (HBHBSS), the
otoconial membrane was carefully removed using fine needles, and
the tissue pieces were sucked into a wide-bore plastic pipette tip loaded
with fixative containing ruthenium red and transferred to a tube contain-
ing the same fixative. After primary fixation, all samples were washed
three times in 0.1 M sodium cacodylate buffer and postfixed in 1% os-
mium tetroxide, also buffered with 0.1 M sodium cacodylate for 1 hr. For
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samples initially fixed in the presence of ruthenium red, the osmium
fixative also contained 0.5% ruthenium red. After osmication, samples
were washed three times with cacodylate buffer, once with H,O, and
dehydrated through a series of ascending concentrations of ethanol.
Samples for scanning electron microscopy were critical point dried from
liquid CO,, mounted on aluminum stubs using double-sided sticky tape,
sputter coated with gold, and viewed in a Leica Leo S420 scanning mi-
croscope operating at 20 kV. Samples for light and transmission electron
microscopy were equilibrated with propylene oxide and imbedded in
Epon 812 resin. Blocks were cured for 2 d at 60°C and sectioned with glass
and diamond knives. One-micrometer-thick sections for light micros-
copy were mounted on glass slides, stained with 1% toluidine blue, and
viewed with a Zeiss Axioplan with a 20X lens. Thin sections (90—-200 nm
thickness) were mounted on copper grids, double stained with uranyl
acetate followed by lead citrate, and viewed in a Hitachi transmission
electron microscope operating at 75 kV.

Immunoprecipitation. Maculas and cristas were dissected from the in-
ner ears of 1-7 d posthatch chicks in Tris-buffered saline or HBHBSS
containing a mixture of protease inhibitors [1 mm benzamidine, 1 pg/ml
leupeptin, 10 ug/ml pepstatin, 0.1 mm phenylmethylsulfonylfluoride
[(PMSF)], collected into ice-cold buffer containing the same combina-
tion of inhibitors with the concentration of leupeptin and PMSF in-
creased to 10 ug/ml and 1.0 mm respectively, and frozen in liquid N,,.
Pooled frozen tissue samples (from ~200 inner ears) were thawed in
PBS/1% Triton X-100 containing the same protease inhibitor mixture
used for tissue collection and homogenized in an all-glass, hand-held
homogenizer. The homogenate was centrifuged at 39,200 X g_ .. for 10
min. Aliquots of the supernatant were immunoprecipitated by adding
D10 anti-HCA or G19 anti-TLA tissue culture supernatants to a concen-
tration of 1% (v/v) and incubating the samples overnight at 4°C. Rabbit
anti-mouse Ig was added to a concentration of 0.5 ug/ml, and the im-
mune complexes were collected on Protein A-Sepharose beads. After
extensive washing with TBS containing 0.1% Triton X-100, the beads
were heated at 98°C in 2X concentrated SDS-PAGE sample buffer for 4
min. The eluted samples were run on 7.5% polyacrylamide gels and
transferred to PVDF membrane by semidry blotting. Blots were preincu-
bated in TBS containing 0.05% Tween 20/3% low-fat milk powder for 1
hr and incubated overnight in affinity-purified rabbit anti-rat Ptprq in-
tracellular domain antibodies (2.75 ug/ml). Bound antibodies were de-
tected with alkaline phosphatase-conjugated goat anti-rabbit Ig.

Transgenic mice. Two regions of the Ptprq gene were replaced inde-
pendently with the neomycin resistance cassette by homologous recom-
bination in 129/Sv embryonic stem (ES) cells. Correctly targeted ES cell
clones were identified by Southern blot analysis using external probes,
injected into blastocysts, and reimplanted into pseudopregnant female
mice. Chimeras were tested for germ line transmission, and two mouse
lines were established and maintained on a mixed C57BL/6]J (50%)/
129/Sv (50%) background. These are referred to as (1) Ptprq-TM-KO, in
which a 2396 bp genomic fragment of Ptprq, containing the exon encod-
ing the transmembrane domain of Ptprq and flanking intronic se-
quences, is replaced by the neomycin resistance cassette, and (2) Ptprq-
CAT-KO, in which a 1061 bp genomic fragment of Ptprgq, containing two
exons that encode part of the cytoplasmic domain of Ptprq including the
catalytic site, as well as flanking intronic sequences, is replaced by the
neomycin resistance cassette. Full details of the preparation of these mice
are to be published elsewhere (M. B. Wright, S. A. Coats, R. A. Seifert,
C.J. Booth, and D. F. Bowen-Pope, unpublished observations).

Genotyping. Routine genotyping of mice in the Ptprq-TM-KO and
Ptprq-CAT-KO mutant colonies was performed by PCR. Genomic
DNA was isolated from tail snips according to Malumbres et al.
(1997). For the Ptprq-TM-KO mutant, aliquots (2 ul) of tail DNA
were added to 46 ul PCR reactions containing 10% DMSO, 200 um
dNTP, 1.25 U of TaqEXPRESS (Genetix Ltd), and 25 pmol each of
primers RQgenoFl (CCAATGGGATACTTGGTCTTCTAGC),
RQgenoR1 (TTGCAAGGGATTGCTCAACCATCTC), and PGKR2
(CACGAGACTAGTGAGACGTGCTACT) in 50 mm Tris-HCI, pH
9.1, 16 mM ammonium sulfate, 150 wg/ml BSA. Reactions were heated
to 98°C for 1 min, hot started by the addition of 2 ul of 50 mm MgCl,, and
heated to 98°C for 15 sec, 55°C for 20 sec, 68°C for 30 sec, for 40 cycles.
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For the Ptprq-CAT-KO mutant, aliquots (2 ul) of tail DNA were added
to separate PCRs for the wild-type and mutant alleles. The wild-type
reactions were as described above except that DMSO was not used and
the primers were RQF6 (CTGCTACTGAGCTATAGACAGCCTC)
and RQR6 (CAGTCATGCAGTCTCCATGCTAGAC). The mutant allele
was amplified with the primers TMKOF (CTGCCGAGAAAGTATC-
CATCAT) and TMKOR (TTAGGAAAGGACAGTGGGAGTG) in the
presence of 10% DMSO. PCR products were analyzed by 1.5% agarose
1X TBE gel electrophoresis. In the Ptprq-TM-KO mice, a single band of
350 bp is amplified from wild types, two products of 350 and 450 bp are
amplified from heterozygotes, and a single product of 450 bp is seen in
homozygous mutants. In the Ptprq-CAT-KO mice, a single band of 250
bp is amplified from wild types, two products of 250 and 580 bp are
amplified from heterozygotes, and a single product of 580 bp is seen in
homozygous mutants.

RT-PCR. Total RNA was isolated from the cochleas of wild-type or
homozygous Ptprq-TM-KO and Ptprq-CAT-KO mice using Trizol re-
agent (Invitrogen). First-strand cDNA was synthesized from 1 ug of total
RNA as described above for degenerate RT-PCR, except that 0.5 ug of
random hexamers was used in place of oligo d(T) primers, and the reac-
tion was incubated at room temperature for 10 min followed by 60 min at
42°C. Aliquots (2 pl) of first-strand ¢cDNA were used for PCR with
TMKOF4 (TTACTGACTCTGAGTACTCTGAC) and TMKOR2
(ATCTCTCGTCCTTCAGCTCCAAGTC), to amplify a 261 bp product
spanning the exon encoding the TM domain of PTPRQ. In homozygous
Ptprq-TM-KO mice, this primer pair will amplify a product of 161 bp
that lacks the exon encoding the TM domain. Aliquots of first-strand
cDNA were also amplified with CATKOF2 (CGAGGACAACAAGC-
CAGTGACAGTC) and CATKOR2 (TTCCATGGCATCCAGAGAGTC-
CATCQ) to amplify a 508 bp product spanning two exons encoding part of
the catalytic domain of PTPRQ. In homozygous Ptprq-CAT-KO mice,
this primer pair will amplify a product of 226 bp in which these two exons
are missing. All reactions contained 50 pmol of each primer, 200 um
dNTP, and 1.25 U TagDNA polymerase (Bioline, London UK) in 50 mm
Tris-HCL, pH 9.1, 16 mM ammonium sulfate, 150 wg/ml BSA, and were
subjected to 40 cycles of 98°C for 15 sec, 52°C for 20 sec, 72°C for 50 sec.
Products were analyzed by 1.5% agarose gel electrophoresis.

Electrophysiology. Outer hair cells (OHCs) from the apical and basal
coils of homozygous Ptprq-TM-KO mutant mice and their heterozygous
littermate controls were studied after acute dissection of the organ of
Corti (ages P5-P7; day of birth is P0). Tissues from mice used for these
experiments were frozen for subsequent genotyping. Extracellular solu-
tion was bath applied at a rate of 6 ml/hr and contained (in mm): 135
NaCl, 5.8 KCl, 1.3 CaCl,, 0.9 MgCl,, 0.7 NaH,PO,, 2 Na-pyruvate, 5.6
D-glucose, 10 HEPES-NaOH, pH 7.5, osmolality ~306 mOsm/kg.
Amino acids and vitamins for Eagle’s MEM were added from concen-
trates (Invitrogen). OHCs (Ptprq-TM-KO +/—: 11 cells; Ptprq-TM-KO
—/—: 18 cells) were whole-cell voltage clamped at room temperature
(22-25°C) using an EPC-8 patch-clamp amplifier (HEKA, Lambrecht,
Germany). Patch pipettes were pulled from soda glass capillaries and
coated with wax. The intracellular solution for recording mechanoelec-
trical transducer currents contained (in mm): 135 CsCl, 2.5 MgCl,, 1
EGTA-CsOH, 2.5 Na,ATP, 10 Na, phosphocreatine, 5 HEPES-CsOH,
pH 7.3, 290 mOsm/kg. In the experiments in which basolateral outward
currents were recorded, the intracellular solution contained (in mm): 131
KCl, 3 MgCl,, 1 EGTA-KOH, 5 Na,ATP, 10 Na, phosphocreatine, 5
HEPES-KOH, pH 7.3, 292 mOsm/kg. Data were filtered at 2.5 kHz,
sampled at 5 kHz, and stored on computer for off-line analysis. All mem-
brane potentials were corrected for a —4 mV liquid junction potential
between pipette and bath solutions. Series resistance after electronic
compensation of up to 80% (R,) was 2.5 = 0.2 M{) (n = 29), resulting in
an average voltage-clamp time constant of 16 = 2 usec. Correction of
membrane potentials for the voltage drop across the series resistance was
applied only for K * current analysis, because the drop for the transducer
currents was at most 2.7 mV. Mechanoelectrical transducer currents
were elicited using fluid-jet stimulation (45 Hz sinewaves or 50 msec
steps filtered at 1 kHz; eight-pole Bessel) as described previously (Kros et
al., 1992). Bundle movements were recorded with a laser differential
interferometer, and bundle stiffness was measured as described previ-
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Table 1. Receptor-like protein tyrosine phosphatases obtained by RT-PCR

Number  DNA sequence Orthologous mouse
of clones  identity (%) RPTP Accession number  gene symbol

16 84 RnrPTP-GMCT  NM_022925 Ptprq

12 100 Gg SCA AJ238216 N.D.

6 97 Gg Crypa 132780 Ptprs

6 87 Hs RPTPS NM_130393 Ptprd

4 83 Mm LAR NM_011213 Ptprf

3 97 GgPTP A 121960 Ptprc

1 84 Mm RPTP-k NM_008983 Ptprk

1 99 Gg RPTPZ/B 127625 Ptprz1

Table summarizing the clones obtained from chick utricular maculas using RT-PCR with degenerate primers for
RPTPs and their identity with known RPTPs. Rn, Rattus norvegicus; Gg, Gallus gallus; Hs, Homo sapiens; Mm, Mus
musculus; N.D., no designated symbol.

ously (Kros et al., 1995; Géléoc et al., 1997). Mean data are quoted =
SEM, and comparisons are based on the unpaired two-tailed ¢ test, with
p < 0.05 as the criterion for statistical significance.

Hearing tests. Visual observation of the Preyer reflex, a back-flick of the
pinna in response to sound, was used to assess hearing in mice. The
animals were placed in a large, open-top, plastic box, and a 20 kHz tone
burst was delivered at intensities of ~90, 100, and 105 dB sound pressure
level from distances of ~30, 20, and 10 cm above the head, respectively,
using a custom-built device provided by the Medical Research Council
Institute of Hearing Research (Nottingham, UK).

Results

Total RNA prepared from the utricular maculas of 2 d posthatch
chicks was amplified by RT-PCR using three pairs of degenerate
primers based on conserved sequences in the catalytic domains of
known PTPs. Specific products were cloned and sequenced.
From a total of 49 clones sequenced that encoded RPTPs (Table
1), approximately one-third (16 of 49) had 84% similarity to an
RPTP now known as Ptprq (formerly rPTP-GMC1) that was
identified in a differential display screen for transcripts upregu-
lated in response to experimentally induced nephritis in the rat
kidney (Wright et al., 1998). Other RPTPs expressed in the utric-
ular maculas were, in order of abundance of clones obtained, the
SCA, Cryp-a, RPTP-§, LAR, PTP A, RPTP-k and RPTP{/B (Ta-
ble 1).

Ptprq is a type III RPTP, with an extracellular domain con-
taining 18 fibronectin (FN) type III repeats, a short hydrophobic
membrane-spanning region, and an intracellular domain con-
taining a single consensus PTPase catalytic site (Wright et al,,
1998). Recent studies have shown that Ptprq is a phosphatidyl-
inositol phosphatase (Oganesian et al., 2003). Antibodies to the
intracellular domain of recombinant Ptprq (Seifert et al., 2003)
were used to determine the localization of this enzyme in the
avian and mammalian inner ear. In sections of the early post-
hatch chick inner ear, anti-Ptprq specifically stains the hair bun-
dles of the sensory hair cells, in a manner that is almost, but not
strictly, identical to that observed with the anti-HCA mAb D10
(Fig. 1a—j). By double labeling with phalloidin it can be seen that
the anti-HCA mAb and the anti-Ptprq antibody stain the hair
bundle up to its distal tip in the extrastriolar regions of the macula
(Fig. 1a—c), whereas they only stain the basal region of the hair
bundle in the basilar papilla (Fig. 1/~h) and the striolar regions of
the maculas (data not shown). Two rabbit sera raised to the pre-
dicted C-terminal peptide of Ptprq stain hair bundles in the avian
inner ear in a manner similar to that observed with the antibody
raised to the recombinant intracellular domain (data not shown).
Although the staining patterns observed with the anti-Ptprq an-
tibodies are similar to those described previously for the anti-
HCA mAD (Richardson etal., 1990) and correlate with the known

J. Neurosci., October 8, 2003 « 23(27):9208 -9219 = 9211

Figure 1.  Distribution of anti-HCA and anti-Ptprq immunostaining in the inner ear and
kidney of the early posthatch chick. a—j, Compressed z-stacks of confocal sections from the
extrastriolar region of the utricular macula (a—e) and the basilar papilla ( f=j), triple-labeled
with Alexa 350 phalloidin (g, f), polyclonal anti-Ptprq (b, g), and monoclonal anti-HCA mAb (c,
h). d, i, Merges of anti-Ptprq and anti-HCA mAb staining; e, j, merges of the images obtained
through all three channels (anti-Ptprg, anti-HCA mAb, and F-actin). Horizontal arrows point to
the tip of the same hair bundle in a—e and f—j. b, Arrowheads indicate the ankle-link region that
is not stained by anti-Ptprq. ¢, d, Small arrows indicate that anti-HCA mAb staining is present in
the ankle-link region. b—d, In the extrastriolar region of the macula, the hair bundle s stained to
its distal tip by anti-Ptprq and the anti-HCA mAb. g—i, In the basilar papilla, staining with both
antibodies is restricted to the proximal end of the hair bundle. g, h, The extensive, nonstereo-
ciliary apical membrane of the hair cellis clearly stained by both antibodies in the basilar papilla.
k, I, Compressed z-stacks of confocal section from the chick kidney double labeled with anti-
Ptprq (k) and the anti-HCA mAb (/). m, Merge of anti-Ptprq and anti-HCA mAb staining. Arrow-
heads indicate areas that stain only with anti-Ptprq; arrows indicate areas that stain only with
the anti-HCA mAb. Scale bars, 10 m.

distribution of shaft connector material on the apical membrane
of the hair cell (Goodyear and Richardson, 1992), merged over-
lays indicate subtle differences in the staining patterns observed
with the two antibodies (Fig. 1d,i). On extrastriolar vestibular
hair cells, a narrow region around the base of the hair bundle fails
to label with the polyclonal antibody against the intracellular
domain of Ptprq (Fig. 1b), and over the entire lower region of the
bundle, the intensity of staining observed with the anti-HCA
mAD is generally greater than that observed with anti-Ptprq (Fig.
1¢). On hair cells from the basilar papillas and striolar region of
the maculas, both antibodies stain the base of the hair bundle and
the apical nonstereociliary surface of the hair cell (Fig. 1g,h), but
anti-Ptprq antibody stains the base of the hair bundle weakly
relative to the apical nonstereociliary surface (Fig. 1¢). The in-
verse is observed with the anti-HCA mAb, with the base of the
hair bundle staining more intensely than the apical, nonstereo-
ciliary surface (Fig. 1h). As a consequence of these differences, the
color of the merged images is not uniform across the top end of
the hair cells (Figs. 1d,i). In the kidney, anti-Ptprq and the anti-
HCA mAD both stain glomeruli (Fig. 1k,/), and although there
are clearly large areas of overlap, there are also regions that stain



9212 - J. Neurosci., October 8, 2003 - 23(27):9208 9219

with anti-Ptprq and not with the anti-
HCA mAb and vice versa (Fig. 1m).

In the inner ear of the early postnatal
mouse, the anti-Ptprq antibody stains hair
bundles in the cochlea and in the vestibule
(Fig. 2a—c). Staining is restricted to the
hair bundles and not detected in any other
cell type within the inner ear. As in the
chick with the anti-HCA mADb, Ptprq dis-
tribution on hair bundles differs accord-
ing to the type of hair cell or its location (Fig. 3a—d). With mature
inner hair cells in the cochlea (Fig. 3b,b"), and with vestibular hair
cells in the striolar region of the macula (Fig. 3¢,¢”) and at the crest
of the crista (Fig. 3d,d"), double labeling with phalloidin and
anti-Ptprq (Fig. 3a—d) reveals that Ptprq is restricted to the basal
region of the hair bundle. With extrastriolar hair cells (Fig. 3¢,c”)
and those around the base of the crista (Fig. 3d,d"), hair bundles
are stained up to their distal tips by anti-Ptprq. Staining is not
observed in mouse kidney with anti-Ptprq (data not shown),
although it does stain podocytes in the glomerulus of the human
kidney (Seifert et al., 2003). The anti-HCA mAb D-10 is specific
for avian tissue and does not cross-react with hair cells in the
mammalian inner ear.

These results suggested that the HCA may be Ptprq, or closely
associated with it. Triton X-100 soluble extracts prepared from
the sensory epithelia of the avian inner ear therefore were immu-
noprecipitated with the anti-HCA mAb or an irrelevant mAb of
the same isotype, and the immunoprecipitates were immuno-
blotted with the polyclonal anti-Ptprq antibody. A band with a
molecular mass of ~275 kDa is recognized by anti-Ptprq in sam-
ples immunoprecipitated with the anti-HCA mAb, but not in the
control samples (Fig. 4).

The HCA is expressed early during the development of the
avian inner ear, coincident with the onset of hair-bundle appear-
ance (Bartolami et al., 1991). We therefore examined the appear-
ance of the Ptprq in the developing mouse inner ear (Fig. 5).
Ptprq is first detected in the vestibule at embryonic day (E) 13.5
(Fig. 5a,a’). This is coincident with the onset of hair-cell differ-
entiation, as judged by myosin VIIA expression, although only a
proportion of the myosin VIIA-expressing hair cells express Pt-
prq at this early stage (Fig. 5a,a’). By E15.5, all myosin VIIA-
positive hair cells in the vestibule express Ptprq. In the cochlea,
the expression of Ptprq is clearly delayed relative to onset of hair-
cell differentiation. Ptprq is first detected on inner hair cells in the
basal coil of the cochlea at E17.5, 2 d after the appearance of
myosin VIIa positive hair cells in this region at E15.5 (data not
shown). Outer hair cells in the basal end of the cochlea begin to
express Ptprq 1 d after the inner hair cells, on E18.5 (Fig. 5b,b").
Staining is weak at this stage but becomes stronger by P2 (Fig.
5¢,¢"). In the very apical end of the cochlea, expression of Ptprq in
both inner and outer hair cells is not observed until P2. Ptprq is
expressed only transiently by basal-coil outer hair cells during
their development. A decrease in hair-bundle staining for Ptprq
on outer hair cells becomes apparent at P15 in the basal end of the
cochlea (data not shown). By P21, Ptprq is no longer detected on
basal-coil outer hair cells (Fig. 5d4,d"). In contrast, the hair bun-
dles of inner hair cells (Fig. 5d,d"), apical-coil outer hair cells
(data not shown), and those in the vestibular system (Fig. 5e,e’)
continue to express Ptprq at high levels until at least 6 months of
age (the oldest stage studied).

RT-PCR analysis of total RNA prepared from the cochleas of
Ptprq-TM-KO and Ptprq-CAT-KO mice indicates that mRNA
transcripts spanning the deleted exons are expressed in mice ho-

Figure2.
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Distribution of Ptprq in the mouse inner ear. Shown are sections of the cochleaat P2 ( a), saccule at P15 ( b), and crista
at P21 () from the mouse inner ear stained with anti-Ptprq. Scale bars, 50 wm.

mozygous for these deletions (Fig. 6). However, Ptprq protein
cannot be detected by immunofluorescence microscopy in the
inner ears of mice that are homozygous for these mutations (Fig.
7a—f). In mice that are heterozygous for these mutations (Fig.
7b,e), the level and distribution of immunostaining are similar to
those seen in wild-type mice (Fig. 7a,d). Hypothetically, exon
skipping could lead to the production of truncated forms of
Ptprq in these mice. In Ptprq-CAT-KO mice, a catalytically inac-
tive form with a shortened intracellular domain and a wild-type C
terminus could be produced; in Ptprg-TM-KO mice a
nonmembrane-bound form comprising only the extracellular
domain could be produced. Both of these potential variants
might act as dominant-negative forms of the enzyme. Antisera
raised to the C terminus of Ptprq do not stain hair cells in Ptprq-
CAT-KO mice (data not shown), indicating that the predicted
protein product is unstable and that the mouse is a functional
null. Antibodies are not available that recognize the extracellular
domain of mouse Ptprq, so the possibility that an extracellular
domain variant of the protein is produced in the Ptprq-TM-KO
mice cannot be formally excluded; however, an identical pheno-
type is observed in both the Ptprq-TM-KO and the Ptprq-
CAT-KO mice, strongly suggesting that both are functional null
mutants in which any protein produced is unstable.

Mice that are homozygous for either deletion, Ptprq-TM-KO
or Ptprq-CAT-KO, fail to respond with a Preyer reflex to a 20 kHz
tone burst at 3 months of age. Light microscopy was used to
examine the morphology of the cochlea (Fig. 8a—d) and vestibu-
lar organs (Fig. 8e,f) at this stage of development. The gross struc-
ture of the organ of Corti in the apical, low-frequency end of the
cochlea in wild-type (data not shown), heterozygous (Fig. 8a),
and homozygous (Fig. 8b) Ptprq-CAT-KO mice is similar. In the
basal, high-frequency region of wild-type (data not shown) and
heterozygous (Fig. 8¢) Ptprq-CAT-KO mice, the organ of Corti
also appears structurally normal. In homozygous Ptprg-
CAT-KO mutant mice (Fig. 8d), however, there is an absence of
hair cells and, in some animals, a complete loss of the organ of
Corti. Identical observations were made in Ptprq-TM-KO mice.
A loss of hair cells is not observed in any of the vestibular organs
in homozygous Ptprq-CAT-KO (Fig. 8ef) or Ptprq-TM-KO
(data not shown) mice.

Using phalloidin staining, defects in hair-bundle morphology
are observed in homozygous Ptprq-TM-KO and Ptprq-CAT-KO
mice by P1, in the basal-most regions of the cochlea (Fig. 9). At
E18.5, hair-bundle structure in a wild-type and homozygous mu-
tant appears similar (Fig. 9a,b). At P1, a phenotype is observed
most readily in the inner hair cells (Fig. 9¢,d). The rows of stere-
ocilia in the hair bundles of wild-type or heterozygous hair cells
are very tightly defined (Fig. 9¢), whereas hair cell bundles of
homozygous mutant hair cells show varying degrees of disorga-
nization (Fig. 9d). By P8, defects in hair-bundle structure in
homozygous mutants become more apparent and are readily
evident on both inner and outer hair cells (Fig. 10a—d). The same
phenotype is observed in Ptprq-CAT-KO (Fig. 10a,b) and Ptprq-
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Figure 3.  Fluorescence micrographs from mouse inner ear sections double labeled with
affinity-purified antibodies to Ptprq (a—d) and rhodamine phalloidin (a’—d"). On cochlearinner
hair cells (b, b', arrows) and hair cells in the striolar regions of the utricular macula (c, ¢, arrows)
and at the apex of the crista (d, d’, arrows), anti-Ptprq staining is concentrated at the proximal
end of the hair bundle. With hair bundles in the extrastriolar regions of the utricular macula (c,
¢’, arrowheads) and peripheral region of the crista (d, d’, arrowheads), the hair bundle is
stained up to its tip. Sections are from mice at P2 (a), P21 (b, ), and P15 (d). Scale bars: g, 20
m; b, 10 m; ¢, d, 20 pum.

TM-KO (Fig. 10¢,d) mice. On homozygous mutant inner hair
cells, many stereocilia are missing, and the remaining stereocilia
are often misaligned or fused together (Figs. 10b,d, 11a,b). Dis-
ruption in the organization and a loss of stereocilia are also ob-
served with the hair bundles of mutant outer hair cells, but ste-
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Figure 4.  Immunoprecipitation of the HCA. An immunoblot stained with affinity-purified

antibodies to the recombinant intracellular domain of Ptprg. Lysates prepared from the sensory
epithelia of the chick inner ear (lanes 1, 2) or lysis buffer (lanes 3, 4) were incubated with an
anti-HCA mAb (mAb D10; lanes 1, 3) or an irrelevant mAb of the same isotype (mAb G19; lanes
2, 4), and the mAbs were precipitated with rabbit anti-mouse Ig and collected with Protein
A-Sepharose. The 275 kDa hair-cell antigen is indicated by the arrow on the left. Markers indi-
cated on the right with molecular masses in kilodaltons are skeletal muscle myosin (205),
B-galactosidase (116), and phosphorylase B (96)

reocilial fusion is rarely encountered (Figs. 10b,d, 11¢,d). The hair
bundles of outer hair cells in homozygous mutants are smaller
than those of wild-type or heterozygous mice and have a less
distinctive V-shaped form and are more U-shaped. In the basal
end of the cochlea the hair bundles do not appear to develop the
broader, flatter, more wide-angled appearance characteristic of
hair cells in this high-frequency region of the cochlea (Fig. 10a—
d). The phenotype is initially restricted to the hair bundle because
the hair cells in homozygous mutants appear to remain otherwise
normal, as judged by light microscopy, until at least P22 (Fig.
10e,f), a stage at which defects in hair-bundle structure are very
apparent. The cellular processes that lead to the loss of hair cells
and the complete disappearance of the organ of Corti between
P21 and P80 have not yet been characterized.

Shaft connectors cannot be readily distinguished on cochlear
hair cells in early postnatal (P0—P15) mice because of the exten-
sive cell coat that is transiently found on developing hair bundles
(R. J. Goodyear, W. Marcotti, C. J. Kros, and G. P. Richardson,
unpublished observations). We therefore looked for the presence
of shaft connectors and examined their structure in hair cells of
the mature (P21) vestibular system. In hair bundles from wild-
type and heterozygous animals that have been fixed in the pres-
ence of ruthenium red, shaft connectors appear as dense spherical
particles, ~20 nm in diameter, that are suspended between the
membranes of adjacent stereocilia by a number of fine, filamen-
tous stalks. These stalks project from the opposing membranes
and can be of variable length (Fig. 12a—d). Such particles are also
found attached via filamentous stalks to a single membrane,
rather than being suspended between two, on the external, out-
wardly facing surfaces of the stereocilia and on the apical, non-
stereociliary surface of the hair cell (Fig. 12a). Shaft connectors,
i.e., defined as dense particles plus stalks, are completely absent
from the vestibular hair bundles of both Ptprq-TM-KO (data not
shown) and Ptprq-CAT-KO mice (Fig. 12e). In these ruthenium
red-stained preparations, the stereocilia within the bundles are
packed together in an abnormally tight manner, with the oppos-
ing membranes of adjacent stereocilia lying in such close prox-
imity that they often appear to be fused to one another. In mate-
rial fixed in the absence of any contrasting reagent (Fig. 12f,¢) or
in the presence of tannic acid (data not shown), such tight pack-
ing is not observed, and the spacing of stereocilia appears similar
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Figure 5.

Expression of Ptprq during mouse inner ear development. Pairs of fluorescence
micrographs from adjacent sections of the vestibule at E13.5 (a, a’) and P21 (e, ) and the
cochleaat E18.5 (b, b'), P2 (¢, ¢'), and P21 (d, d") labeled with antibodies to myosin Vlla (a—e)
or Ptprq (a’—e"). Ptprq first appears in the vestibule at E13.5 (a”) and is present on inner and
outer hair cells in the base of the cochlea by E18.5 (b, b'). Ptprq expression on basal-coil outer
hair cells increases by P2 (¢, ¢") but declines by P15 and can no longer be detected at P21 (d").
Inner hair cells (¢") and vestibular hair cells (e”) express Ptprq into maturity. Scale bars, 20 m.

in heterozygous and homozygous Ptprq mutant hair cells (Fig.
12f,). Although shaft connectors are completely absent from
Ptprq mutant hair cells, a few dense particles could be found just
around the base of these hair bundles lying in close proximity to
the stereocilial plasma membranes in ruthenium red-contrasted
specimens (Fig. 12e).

Electrophysiological recordings were obtained from apical-
and basal-coil OHCs of heterozygous and homozygous Ptprq-
TM-KO mice, aged from P5 to P7. The characteristics of the
outward K" current, Iy ..., are similar in heterozygous and ho-
mozygous mice (data not shown) and similar to those observed
previously in OHCs of wild-type CD1 mice of the same age (Mar-
cotti and Kros, 1999). No significant differences were observed in
the activation and reversal potential of the outward K" current.
The resting membrane potential of the OHCs was —65.3 = 0.7
mV (n = 3) in heterozygous control mice and —64.3 = 3.0 mV
(n = 4) in homozygous mutant mice; the linear leak conductance
was 1.6 = 0.3 nS (n = 3) and 1.3 = 0.1 nS (n = 5), respectively.
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Figure6.  RT-PCR analysis of Ptprg mRNA expression in the cochlea of wild-type, Ptprg-TM-
KO, and Ptprq-CAT-KO mice. Specific products spanning the exons deleted in the Ptprg-TM-KO
and Ptprg-CAT-KO mutants were amplified from RT-PCR reactions performed on total RNA
isolated from cochleas from wild-type (lanes 1, 2) and homozygous mutant (lanes 3, 4) mice. In
the Ptprg-TM-KO line a product of 261 bp is amplified from wild-type mice (lane 1), and a
product of 161 bpis amplified from homozygous mutant mice (lane 3). In the Ptprq-CAT-KO line
a product of 508 bp is amplified from wild-type mice (lane 1), and a product of 226 bp is
amplified from homozygous mutant mice (lane 3). Control reverse transcription reactions per-
formed without reverse transcriptase are negative (lanes 2, 4) as are the water controls (lane 5).

P67 Saccule

P8 Cochlea

Figure7. Immunostaining with Ptprq intracellular domain antibodies in the cochlea of wild-
type, Ptprg-TM-KO, and Ptprq-CAT-KO mice. Fluorescence micrographs of sections from the
cochleas at P8 (a—c) and saccule at P67 (d—f) of wild-type (a, d), heterozygous (b, e), and
homozygous (¢, f) Ptprg-TM-KO (a—c) and Ptprq-CAT-KO (d—f) mice stained with affinity-
purified antibodies to Ptprq. Ptprq cannot be detected with these antibodies in the inner ear of
either homozygous mutant (¢, f). Scale bar, 50 wm.

When an oscillating fluid jet is directed at the hair bundle,
mechanoelectrical transducer currents can be recorded from the
OHCs of both heterozygous (Fig. 13a) and homozygous (Fig.
13b) Ptprq-TM-KO mice. At a holding potential of —104 mV, the
currents recorded from the homozygous Ptprq-TM-KO mice
(—467 = 55 pA; n = 10; P5-P7) are significantly smaller in am-
plitude ( p < 0.0001) than those recorded from the heterozygous
Ptprq-TM-KO mice (—1033 £ 92 pA; n = 6; P5-P7). The shape
of the transducer currents in heterozygous and mutant OHCs is
similar, and also similar to those recorded previously from wild-
type CD1 mice (Kros et al., 1992). When the hair bundles are
deflected in the inhibitory direction (negative driver voltage), the
transducer current that is partially open at rest is shut off. The size
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Figure 8.  Structure of cochlea in wild-type, Ptprg-TM-KO, and Ptprg-CAT KO mice. Light
micrographs of 1-um-thick, toluidine blue-stained sections from the apical (g, b) and basal (¢, d)
regions of the cochlea, and the saccule (e, f), of heterozygous (a, ¢), wild-type (e), and homozygous (b,
d,f) 3-month-old Ptprq-CAT-KO mice. Note the complete loss of the organ of Corti in the basal end of
the cochlea in the homozygous Ptprg-CAT-KO ( d) mouse. Scale bar, 50 um.

Ptprq-CAT +/- Ptprq-CAT -/-

Figure9.
the basal end of phalloidin-stained cochlear whole mounts from heterozygous (g, ¢) and ho-
mozygous Ptprg-CAT-KO (b, d) mice at E18.5 (a, b) and P1 (c, d). Defects in hair-bundle structure
are first apparent in the inner hair cells (d, arrows) at P1. Scale bar, 10 wm.

Phalloidin staining of hair bundles in Ptprq-CAT-KO mice. Confocal micrographs of

of this resting current is larger at depolarized potentials (+96
mV) than at hyperpolarized potentials (—104 mV).

When the bundles of heterozygous and homozygous OHCs
are stimulated with force steps, the rapid onset of the transducer
current elicited by excitatory stimuli at a holding potential of —84
mV is followed by a decline (Fig. 13¢,d, top panels) indicative of
adaptation as described for the hair cells of lower vertebrates
(Eatock et al., 1987; Howard and Hudspeth, 1987; Assad et al.,
1989; Crawford et al., 1989). Two time constants were used to fit
onset adaptation (Wu et al., 1999) in mutants and in heterozy-
gous littermate controls. Both the fast and the slow time constant
in control OHCs (0.5 *= 0.1 msec contributing 69% of the total

Figure 10.  Morphology of hair bundles and hair cells in Ptprg-TM-KO and Ptprg-CAT-KO
mice. a—f, Survey scanning electron micrographs at P8 (a—d) and sections at P22 (e, f) of the
organ of Corti in the basal coil of heterozygous (a, ¢, €) and homozygous (b, d, f) Ptprg-CAT-KO
(a, b) and Ptprg-TM-KO (c—f) mice. The hair bundles of inner (arrows) and outer (arrowheads)
hair cells are considerably affected in both the homozygous Ptprg-CAT-KO (b) and the Ptprg-
TM-KO (d) mice by P8. Note the difference in the shape of the outer hair-cell hair bundles. Hair
cells are still present in the organ of Corti in Ptprg-TM-KO mice at P22 (e, f). Scale bars: (in d)
a-d,5 pm; (inf) e, f,20 wm.

adaptation and 16 * 2 msec contributing 31%; n = 5) are not
significantly different from those measured in homozygous mu-
tants (0.5 = 0.2 msec contributing 66% and 16 = 3 msec contrib-
uting 34%; n = 5). During inhibitory stimuli the resting current
is shut off, but a transient rebound (a downward dip in the cur-
rent trace) is observed at the offset of the inhibitory steps (Fig.
13¢,d, bottom panels). The maximum size of the rebound is
smaller in mutant OHCs (—106 = 29 pA; n = 6) than in het-
erozygous OHCs (—218 = 65 pA; n = 7), but when expressed as
a fraction of the maximum transducer current it is not different
between the two groups (0.30 = 0.06 for both). The rebound
adaptation also shows a fast and a slow time constant that did not
vary significantly between control (0.4 = 0.1 msec contributing
85% and 16 * 2 msec contributing 15%; n = 5) and mutant
(0.3 = 0.1 msec contributing 80% and 12 = 1 msec contributing
20%; n = 4) OHCs. All of these manifestations of adaptation are
abolished by stepping the membrane potential to positive values
(Fig. 13e,f, top panels, excitatory bundle displacement; bottom
panels, inhibitory displacement) as observed previously in hair
cells from CD-1 mice (Kros et al., 1992, 1995) and in other ver-
tebrates (Assad et al., 1989; Crawford et al., 1989). The relation
between bundle displacement and transducer current is similar
for the heterozygous and homozygous hair cells of Ptprq-TM-KO
mice (Fig. 13g,h). After stepping the membrane potential from
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Figure 11.

Structure of hair bundles in heterozygous and homozygous Ptprg-TM-KO
mice. High-magnification scanning electron micrographs of the hair bundles of inner (g,
b) and outer (c, d) hair cells in the organ of Corti (basal coil) of heterozygous (a, ¢) and
homozygous (b, d) Ptprg-TM-KO mice at P15. Note the loss of stereocilia from the hair
bundles of homozygous mutant hair cells, the giant, fused stereocilia on the homozygous
mutantinner hair cells (), and how the stereocilia are shorter on the homozygous mutant
outer hair cells (d). Scale bars, 1 um.

—84 to +86 mV, the resting open probability of the transducer
channels increases from 5.4 to 29.2% (n = 7) in heterozygous
OHC:s and from 7.7 to 34.2% (n = 5) in homozygous mutant
OHGC:s (not significantly different between homozygotes and het-
erozygotes), indicative of a reduction in adaptation even in the
unstimulated bundle during depolarization. The apparent over-
all steady-state stiffness of the homozygous OHC (P7) bundles
(5.4 = 0.7 mN/m; n = 8) was smaller compared with that mea-
sured in littermate (P7) controls (6.7 = 0.8 mN/m; n = 8), but
the difference is not significant.

Discussion

The results of this study show that Ptprq, a receptor-like phos-
phatase (Wright et al., 1998) recently shown to be active against
inositol phospholipids (Oganesian et al., 2003), is required for the
formation of shaft connectors and the normal maturation of
developing hair bundles in the mammalian cochlea. Although
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Figure12.  TEM analysis of shaft connector structure in vestibular hair bundles of wild-type
and Ptprg-CAT-KO mice. Transmission electron micrographs of extrastriolar hair bundles from
the utricular macula of heterozygous (a—d, f) and homozygous (e, g) mutant Ptprg-CAT-KO
mice at P21. Samples in a—e were fixed in fixatives containing ruthenium red; samples in fand
g were fixed in the absence of any contrasting agents. Note the lack of shaft connectors in the
homozygous mutant hair bundle ( e) and the close apposition of the stereocilia. Details of shaft
connector structure in heterozygous Ptprq-CAT-KO mice (b—d) reveal dense particles attached
to the membrane by fine stalks. The spacing of stereocilia in the hair bundles of heterozygous ()
and homozygous (g) mutant Ptprg-CAT-KO mice is similar in the absence of ruthenium red.
Scale bars: a, e—g, 200 nm; b—d, 50 nm.

Ptprq immunoreactivity is detected in human podocytes (Seifert
etal., 2003), it cannot be detected in the mouse kidney, and thus
far kidney structure and function appear to be completely normal
in the Ptprq-KO mice (Booth, Wright, Coats, Seifert, Bowen-
Pope, unpublished observations). This study therefore provides
the first demonstration of an essential function for Ptprq in vivo.
The data also provide evidence suggesting that the HCA is Ptprq.

In the developing vestibule of the mouse, Ptprq appears when
hair bundles first emerge, at E13.5 (Denman-Johnson and Forge,
1999); however, there is a delay between the stage at which hair
bundles first emerge in the mouse cochlea, (E15.5) (Anniko,
1983; Boeda et al., 2002) and the time when the Ptprq can be first
detected (E17.5). This implies that Ptprq is not essential for the
early stages of hair-bundle formation in the mouse cochlea. Sur-
prisingly, Ptprq is expressed only transiently by high-frequency,
basal-coil OHCs during late embryonic and early postnatal de-
velopment, over a period of ~3 weeks. Persistent expression of
Ptprq is therefore not normally necessary for the maintenance of
hair-bundle structure in mature basal-coil outer hair cells. None-
theless, the data from Ptprq mutant mice clearly indicate that the
transient expression of Ptprq during development is required for
the complete maturation of hair-bundle structure in this type of
hair cell.

Shaft connectors, a link type described previously on the hair
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Figure 13.  Mechanotransducer currents in Ptprg-TM-KO outer hair cells. Transducer cur-
rents recorded in basal-coil OHCs from a heterozygous Ptprg-TM-KO mouse (4, ¢, e, g) and a
homozygous Ptprg-TM-KO mouse (b, d, f, h). a, b, Transducer currents recorded at a holding
potential of —104.and -+ 96 mV by applying sinusoidal force stimuli of 45 Hz. The driver voltage
signal (DV) (amplitude, 35 V) to the fluid jet is shown above each trace. Positive deflections are
excitatory. ¢, d, The time course of onset adaptation to an excitatory step displacement at —84
mV (top panels). Note the difference in the driver voltages applied. Fitted time constants for
onset adaptation are as follows: ¢, 0.34 and 16.1 msec; d, 0.39 and 12.3 msec. Bottom panels
show the transducer current in response to a negative stimulus at — 84 mV. After termination of
the inhibitory stimulus the transducer current shows evidence of rebound adaptation. Fitted
time constants for the rebound adaptation are as follows: ¢, 0.34and 16.2 msec; d, 0.54and 16.3
msec. e, f, The time course of the transducer current elicited by excitatory (top panels) and
inhibitory (bottom panels) bundle displacements at +86 mV. Note the absence of onset and
rebound adaptation. g, ¢, e, P7 OHC: C, 6.9 pF; R, 2.4 M(2; b, d, f, P7 OHC: (., 6.7 pF; R, 3.0 MC2.
All responses shown are single traces. g, h, Normalized peak transducer current as a function of
bundle displacement. Zero current is set as the holding current when the force stimulus closes
most transducer channels. Smooth curves are second-order Boltzmann functions: / = /., /(1
+ expla, (x, — X))*(1 + expla,(x; — x))). g, At —84mV, /., = —732 pA, a, = 0.06
nm~',a,=0.04nm ', x, = 26nm, x, = 35nm; at +86mV, /., = 810 pA, a, = 0.12
nm ™', a,=002nm "', x; = 7nm, x, = 14nm. P7 OHC: C,, 7.0 pF; R, 1.4 MC2. Bundle
height 4 .um; bundle width 8 um. b, At —84mV, I = —211pA,a, =0.10nm ', a, =
0.054nm ~',x, = —32nm,x, = 41nm;at +-86mV,/,,, = 316pA,a, = 0.15nm ~ ',a, =
0.0350m ~ ', x, = —76nm, X, = 24nm. P7 OHC: , 6.8 pF; R, 2.5 MQ. Bundle height 3.5
m; bundle width 6 pm.
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bundles of fishes, frogs, and chicks (Neugebauer and Thurm,
1985; Nagel et al., 1991; Goodyear and Richardson, 1992), are
also found on mouse hair bundles but are completely absent from
the hair bundles of homozygous mutant Ptprq-TM-KO and ho-
mozygous mutant Ptprq-CAT-KO mice. Each shaft connector is
composed of a ruthenium red-reactive, electron-dense particle
that is connected to the plasma membrane by several fine strands
of variable length. If the 18 FN type III repeats of Ptprq were
arranged in an extended, linear conformation, the extracellular
domain would be long enough (~65 nm) to account for the
longest of these fine strands. Each strand therefore may represent
asingle Ptprq ectodomain, and the dense particle may be a region
in which several molecules either are interacting homophilically
in cis or in trans, or both, or are interacting with an unknown
ligand. The reactivity of this particle with ruthenium red suggests
that it contains glycosaminoglycans. A recent study has shown
that the heparan sulfate proteoglycans agrin and collagen type
XVIII are ligands for the type Il RPTP Cryp-a (cPTPo) (Aricescu
et al., 2002). Furthermore, an mAb recognizing keratan sulfate
stains hair bundles in the guinea pig cochlea (Katori et al., 1996),
and a polyclonal antiserum raised against a-tectorin, a sulfated,
keratanase-sensitive component of the tectorial membrane,
stains both the tectorial membrane and hair bundles in the mouse
inner ear (Killick and Richardson, 1997). Thus the particle asso-
ciated with the shaft connector may be a keratan sulfate
proteoglycan.

In the chick, the 275 kDa HCA is a component of the shaft
connectors (Goodyear and Richardson, 1992). A full-length
cDNA for Ptprq cloned from rat kidney (Wright et al., 1998)
predicts a polypeptide with a mass of 256,823 Da and 39 potential
sites for N-glycosylation (Wright et al., 1998). Native full-length
Ptprq is therefore likely to have a mass similar to the mass of 275
kDa determined for the native chick HCA (Richardson et al.,
1990). A polypeptide with a mass similar to that reported for the
HCA reacts with the anti-Ptprq antibodies when they are used to
immunoblot samples that have been immunoprecipitated from
detergent-soluble extracts of the chick inner ear by the anti-HCA
mAb. Although this is good evidence that the HCA and Ptprq are
one and the same thing, it cannot be entirely excluded that they
are two different proteins of very similar mass that interact to
form a shaft connector complex. The subtle differences observed
in the staining patterns found with anti-Ptprq and the anti-HCA
mAb could be used to support the suggestion that Ptprq and the
HCA are different entities. In the mouse, however, it is known
that a combination of splicing and the use of an alternative pro-
moter generates three Ptprq isoforms, a full-length form com-
plete with an ectodomain and intracellular cytoplasmic domain,
a form with a membrane-tethered ectodomain lacking a catalytic
intracellular domain, and a nonmembrane-tethered cytoplasmic
form (Seifert et al., 2003). The anti-HCA mAb reacts with an
external epitope on the surface of the hair bundle and could react
with the first two isoforms, whereas anti-Ptprq will not recognize
the second isoform that lacks an intracellular domain. The subtle
difference in the staining patterns observed in hair cells with these
two antibodies may reflect differences in the relative distribution
of these isoforms. For example, the ankle link region of extra-
striolar hair cells may contain only the isoform lacking the intra-
cellular domain, thus staining with the anti-HCA mAb and not
with anti-Ptprq.

The term “shaft connector” (Neugebauer and Thurm, 1985)
implies that these structures act to hold the stereocilia together.
Although some RPTPs can act as cell adhesion molecules (Brady-
Kalnay and Tonks, 1995), there is so far no evidence that the type
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III RPTPs have a similar function. Despite a complete absence of
shaft connectors from the vestibular hair bundles of the Ptprq
mutant mice, there is no indication that the stereocilia are
splayed, even in the extrastriolar regions of the maculas where
shaft connectors are distributed extensively over the entire apical
surface of the hair cell. Although it is always possible that tip links
or other unidentified structures can maintain hair-bundle integ-
rity in Ptprq-KO mice, shaft connectors may serve some other
function, perhaps acting as spacers. The tight packing of stereo-
cilia seen in ruthenium red-stained Ptprq mutant hair bundles
indicates that shaft connectors can prevent stereocilia mem-
branes from coming into close apposition and fusing; however,
close membrane apposition is not seen in Ptprq mutant hair
bundles when they are fixed in fixatives that do not contain ru-
thenium red, indicating that shaft connectors are not normally
required to maintain spacing.

If Ptprq is neither a connector nor a spacer, what then is its
function? Also, why is it required for the normal maturation of
cochlear hair bundles and not those in the vestibular system, and
why does its loss lead to the preferential loss of basal-coil cochlear
hair cells? Ptprq is not required for mechanotransduction. There
is no overt, behavioral vestibular phenotype in Ptprq mutant
mice, and the OHCs in these mutant mice transduce and have a
normal physiological profile despite the appearance of a hair-
bundle phenotype. The reduction in transducer current ampli-
tude observed in Ptprq-KO mice is most likely caused by the
observed loss of stereocilia. In all other respects transduction
appears normal in the mutants. Fast, submillisecond adaptation
and slow adaptation (Wu et al., 1999), at both the onset of exci-
tatory and the offset of inhibitory stimuli, and the resting trans-
ducer current at hyperpolarized and depolarized potentials, are
similar to those recorded from heterozygous littermates and
those recorded previously in OHCs (Kros et al., 2002). Ptprq is
thus unlikely to be involved in transducer current adaptation,
either in the fast adaptation process proposed to occur at the level
of the transducer channels (Wu et al., 1999; Kennedy et al., 2003)
or in the slower adaptation probably involving myosin motors
(Holt and Corey, 2000). As a membrane-associated inositol lipid
phosphatase (Oganesian et al., 2003), Ptprq is ideally positioned
to regulate the local phosphoinositide phospholipid content of
the apical membrane of the hair cell. Inositol phospholipids are
key regulators of the actin cytoskeleton and membrane traffic
(Takenawa and Itoh, 2001), and the rates of membrane and actin
turnover (Schneider et al., 2002) in developing cochlear hair bun-
dles may be critically regulated by Ptprq. Differences in suscepti-
bility to Ptprq loss in different types of hair cells may be explained
by redundancy; another phosphatase may be expressed in vestib-
ular and apical-coil cochlear hair cells that compensates, either
completely or partially, for loss of Ptprq. The preferential loss of
hair cells from the basal end of the cochlea may be a secondary
consequence of the severity of the hair-bundle phenotype seen in
basal-coil cochlear hair cells; the phenotype may eventually be-
come so severe that it completely prevents the hair cells from
transducing, resulting in their demise.

Ptprq now joins a growing list of molecules, including the
unconventional myosins (myosins VI, VIIa, and XV), cadherin-
23, protocadherin-15, integrin a8f1, espin, mucolipin-3, and
Tmiel (Avraham et al., 1995; Probst et al., 1998; Self et al., 1998;
Littlewood Evans and Muller, 2000; Zheng et al., 2000; Alagra-
man etal., 2001; DiPalma et al., 2001, 2002; Mitchem et al., 2002),
that are required for the development and maintenance of hair-
bundle structure. As such, the gene for Ptprq, which is located at
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the distal end of mouse chromosome 10 and on human 12q15
(Wright et al., 1998), can be considered a potential deafness gene.
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