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HE DIMENSIONS AND STRUCTURAL ATTACHMENTS OF TIP LINKS
N MAMMALIAN COCHLEAR HAIR CELLS AND THE EFFECTS OF

XPOSURE TO DIFFERENT LEVELS OF EXTRACELLULAR CALCIUM
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bstract—The tip links between stereocilia of acousticolat-
ral hair cells have been suggested to contain cadherin 23
CDH23) comprising an upper branched portion that is bound
o a lower portion composed of protocadherin 15 (PCDH15).
he molecular conformation of CDH23, its binding to PCDH15,

he tip links, and mechanoelectrical transduction have all been
hown previously to be sensitive to exposure to low levels of
alcium. The aim of this study was to compare the characteris-
ics of tip links in guinea-pig cochlear hair cells with reported
eatures of the CDH23–PCDH15 complex. Tip links were ex-
mined using field emission scanning electron microscopy
nd transmission electron microscopy in conventional prep-
rations and after treatment with the detergent Triton-X-100
r varying calcium concentrations in the extracellular solu-
ion. The results showed that tip links have a twisted double-
tranded appearance with a branched upper region. They
urvived demembranation of the stereocilia by detergent
uggesting that they have transmembrane domains at both
nds. Their lengths, when fixed in the presence of 2 mM extra-
ellular calcium, were �150 nm. With prior exposure to 1 mM
alcium their lengths were �164 nm. The lengths in 50 �M
alcium are similar (�185 nm) to those reported for CDH23–
CDH15 complexes in 100 �M calcium (�180 nm). Exposure to
 �M calcium caused loss of tip links and an increased distance
etween the residual attachment sites. The data indicate that
xtracellular calcium concentration affects tip-link length. One
odel compatible with the recently proposed tip-link structure

s that the CDH23 double strand undergoes calcium-dependent
nfolding, changing the length of the links. The bundle may also

ilt in the direction of the tallest row of stereocilia as the tip link
engthens and then is lost. Overall, our data are consistent with
 tip link composed of complexes of CDH23 and PCDH15 but do
ot rule out other possibilities. © 2008 IBRO. Published by
lsevier Ltd. All rights reserved.

Corresponding author. Tel: �44-1782-583496; fax: �44-1782-583496.
-mail address: coa14@keele.ac.uk (D. N. Furness).
bbreviations: CB, sodium cacodylate buffer containing 2 mM CaCl2 at
H 7.4; CDH23, cadherin-23; FESEM, field emission scanning elec-
ron microscopy; MET, mechanotransduction; OTOTO, osmium-thio-
arbohydrazide; PB, phosphate buffer; PBS, phosphate-buffered sa-
a
ine; PCDH15, protocadherin-15; TEM, transmission electron micros-
opy.

306-4522/08$32.00�0.00 © 2008 IBRO. Published by Elsevier Ltd. All rights reser
oi:10.1016/j.neuroscience.2008.02.010

10
ey words: hearing, cochlea, stereocilia, mechanotransduc-
ion, adaptation, cadherin.

ertebrate acousticolateral hair cells are mechanosensory
ells with an apical bundle of stereocilia that increase in
eight stepwise across the bundle. They respond to
ound-induced vibrations of the bundle; deflection toward
he tallest stereociliary row causes an increase in the open
robability of cationic mechanotransduction (MET) chan-
els resulting in current flow and depolarization while de-
ection in the opposite direction decreases the open prob-
bility causing hyperpolarization (Corey and Hudspeth,
979, 1983).

In mature hair cells, stereocilia are tethered to each
ther by extracellular row-to-row and side-to-side lateral

inks between their shafts (Bagger-Sjöbäck and Wersäll,
973; Flock et al., 1977; Furness and Hackney, 1985;
eugebauer, 1986; Neugebauer and Thurm, 1987), by
horter tip connectors (Neugebauer and Thurm, 1987;
oodyear and Richardson, 1992) in a contact region with

he adjacent stereocilium (Hackney et al., 1992; Hackney
nd Furness, 1995a), and by a distinct branched tip link
hat runs between the tip of each shorter stereocilium and
he side of the next tallest stereocilium (Pickles et al., 1984;
urness and Hackney, 1985; Hackney and Furness,
995a; Kachar et al., 2000). Electron-dense plaques occur
t the upper and lower attachment sites of the tip link
Furness and Hackney, 1985).

The tip link has been suggested to represent a gating
pring that operates the MET channels (Pickles et al.,
984) which may be located at one (Ricci et al., 1998) or
oth (Denk et al., 1995) ends of the link; tension in the tip

ink may increase for excitatory deflections but decrease
or inhibitory directions thus modulating current flow
hrough the MET channels. The MET currents also show
alcium sensitive rapid adaptation on a sub-millisecond
ime scale and slower adaptation over tens of milliseconds
Ricci and Fettiplace 1997; Ricci et al., 1998). While fast
daptation may be intrinsic to the channel, the upper
ense plaque appears to be enriched in myosin 1c (Garcia
t al., 1998; Steyger et al., 1998) which could cause the
laque to move along the actin core and adjust the tension

n the tip link to produce the slower component of adapta-
ion (Hudspeth and Gillespie, 1994).

Investigation of the calcium sensitivity of transduction
as shown that exposure of hair cells to low extracellular
alcium levels simultaneously causes loss of MET and

daptation (Crawford et al., 1989), loss of the tip links and

ved.

mailto:coa14@keele.ac.uk
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ilting of the bundle in the positive direction (Assad et al.,
991). Exposure of hair cells to calcium levels found in
ndolymph (approx. 50 �M) results in more channels be-

ng open at rest than exposure to the higher calcium con-
entrations of perilymph (Crawford et al., 1989) suggesting
n increase in the open probability of the channels perhaps
ue to increased tension on the gating springs. The latter
ay thus give rise to changes in the appearance or dimen-

ions of the tip link.
Structurally the tip link has the appearance of a braided

nelastic macromolecule (Kachar et al., 2000) and appears
o contain cadherin-23 (CDH23; Siemens et al., 2004) and
rotocadherin-15 (PCDH15; Ahmed et al., 2006), the
ormer in the upper portion and the latter in the lower
ortion (Kazmierczak et al., 2007). Purified CDH23 also
hows branching consistent with the morphology of the tip
ink, and it unfolds in the absence of calcium; it interacts
ith PCDH15 maximally at 0.1 mM calcium to form
180 nm long heteromeric filamentous complexes (Ka-

mierczak et al., 2007).
In this study, structural features of the tip links, their

ttachment sites and their calcium sensitivity have been
nvestigated further in the guinea-pig cochlea to evaluate
heir similarity to cadherins. Cadherins are typically com-
osed of an ectodomain of a variable number of cadherin
epeats, a transmembrane domain linking via a cytoplas-
ic domain often to the underlying cytoskeleton (Patel et
l., 2003). Thus a cadherin-containing tip link might be
xpected to be firmly attached to the actin core of the
tereocilium. The anchoring of the tip links to the cytoskel-
ton has therefore been explored using field emission
canning electron microscopy (FESEM) and transmission
lectron microscopy (TEM) of detergent-extracted sam-
les where soluble components of the membrane are re-
oved. The dimensions of tip links have been measured

n a range of conventionally prepared specimens, and
lso some turtle material, to determine their similarity to
DH23-PCDH15 complexes. Finally, the structure and
imensions of tip links have also been assessed after
xposure to different calcium concentrations to evaluate
imilarities to changes that might occur in a CDH23-
CDH15 complex.

EXPERIMENTAL PROCEDURES

nimals

igmented guinea pigs, weighing 400 g–850 g of both sexes (age
ange 6 weeks to 1 year), with normal Preyer reflexes, were used
n this study (see below for numbers in each category). Previously
esin-embedded basilar papillae from turtles of approximately
0 cm carapace length (n�2) were also used. All animals were
illed with an overdose of pentobarbitone (200 mg/kg, i.p.) and
ecapitated, their temporal bones removed and the otic capsule
pened to expose the cochleae for detergent treatment and fixa-
ion. A variety of different fixation solutions was used for both
ESEM and TEM to obtain different kinds of structural information.
nless otherwise stated, in guinea-pig fixative solutions were
ently perfused through the cochlear turns from a pipette via small
oles made in the round window and apex. In turtles, the basilar
apilla was pinned out in a dish and immersed in fixative. Fixation

as carried out at room temperature. All experiments were con-
ucted according to Keele University ethical guidelines and the
K Animals (Scientific Procedures) Act of 1986. The minimum
umber of animals was used to ensure appropriate statistical
nalysis would be performed and all possible steps were taken to
inimize suffering.

reparation of non-detergent treated samples
or FESEM

or FESEM, guinea-pig cochleae (n�2) were fixed with 2.5%
lutaraldehyde in 0.1 M sodium cacodylate buffer containing 2 mM
aCl2 at pH 7.4 (CB) for 2 h. They were then processed using the
smium-thiohydrocarbozide (OTOTO) impregnation technique
Heywood and Resnick, 1981; Furness and Hackney, 1986).
riefly, after washing in CB, cochleae were post-fixed with 1%
smium tetroxide in CB for 1 h, the bony shell removed and the
piral organ dissected into segments. The segments were im-
ersed in saturated thiocarbohydrazide(aq) for 20 min, washed

ix times with distilled water, placed in 1% osmium tetroxide in CB
or 1 h and washed six times as before. These steps were re-
eated twice to increase the electron conductivity of the speci-
ens. Segments were then dehydrated in a graded series of
thanol solutions, critical point dried using liquid carbon dioxide as
he transitional fluid, mounted on specimen stubs using silver
lectroconductive paint and viewed using a Hitachi S-4500
ESEM operated at 3–20 kV.

reparation of non-detergent treated samples
or TEM

wo initial fixatives were used for conventional TEM. Cochleae
ere either fixed with 2.5% glutaraldehyde in CB for 2 h (n�4) or
ith 2.5% glutaraldehyde in CB for 1 h followed by 1 h in the same
xative containing 1% tannic acid (n�2). After washing three
imes in CB, all cochleae were post-fixed with 1% osmium tetrox-
de in CB for 1 h, washed and dissected into segments which were
ehydrated in a graded series of ethanols and embedded in Spurr
Agar Scientific, Stansted, UK) or Durcupan resin (Fluka Chemie,
uchs, Switzerland). Ultrathin sections (approx. 70–100 nm) were
ut on a Reichert Ultracut E microtome, stained with ethanolic
ranyl acetate and lead citrate, and examined in JEOL IOOCX or
EOL1230 TEMs operated at 100 kV. Photographic images were
cquired on Ilford EM film or digital images were acquired using a
egaView III digital camera using analySIS® software.

etergent treatments

riton-X-100 (Sigma-Aldrich Chemical Co, St. Louis, MO, USA)
as used to extract lipid components and detergent soluble pro-

eins from the stereociliary membrane to reveal cytoskeletal at-
achments and enhance features of the linkage attachment site.
hree combinations of detergent treatment and initial fixation were
sed and the most useful repeated as necessary (see Table 1 for
umbers of experiments and conditions):

Prefixation detergent treatment. Cochleae were dissected
n 0.15 M phosphate-buffered saline (PBS, pH 7.4) to allow expo-
ure to detergent prior to fixation. The bony shell, spiral ligament,

able 1. Summary of the different detergent treatments and number of
xperiments used in this study

Triton-X-100 0.01 0.05 0.25 0.4 1 1.25 2.5 Total

efore fixation 1 1 3 1 6
uring fixation 1 1 1 1 4 1 7 16
fter fixation 4 4
Values are the number of experiments in each condition.
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nd stria vascularis of each turn were quickly removed and the
xposed spiral organs were incubated in Triton-X-100 in PBS for
0 min followed by washing in PBS;

Simultaneous fixation and detergent treatment. Cochleae
ere fixed with 4% paraformaldehyde in 0.1 M sodium phosphate
uffer (PB, pH 7.4) containing Triton-X-100 for 2 h and washed
ith PBS.

Post-fixation detergent treatment. Cochleae were fixed by
erfusion with 4% paraformaldehyde in 0.1 M PB (pH 7.4) for 2 h,
ashed with PBS, immersed in Triton-X-100 in PBS for 30 min
nd then washed in PBS.

After each of these treatments, further fixation with 2.5%
lutaraldehyde in CB took place and samples were then pro-
essed as described above either using the OTOTO method
ollowed by dehydration and critical point drying for FESEM or
ost-fixation in 1% OsO4 in CB, dehydration and embedding in
purr resin for TEM.

easurement of tip-link dimensions

ip-link lengths after conventional fixation for TEM were obtained
rom two different sources: (i) our archive of electron micrographs
here various different preparations, magnifications and cochlear

ocations have been used, and (ii) a more standardized set from
uter hair cells in a mid-apical cochlear location, fixed with 2.5%
lutaraldehyde in CB for 1 h followed by 1 h in the same fixative
ontaining 1% tannic acid, and post-fixed in 1% osmium tetroxide,
ehydrated and embedded in Spurr resin. The full length of a tip

ink is only visible in TEM in radial sections but, the branching is
sually obscure; thus the lengths are measured from the tip of the
hort stereocilium to the midpoint of the upper dense plaque. This
ay not represent the length of the tip link directly but is a close
pproximation.

xposure of hair cells to different calcium conditions

o examine the effects of changing calcium concentration on the
tructure of tip links, 12 cochleae from 12 guinea pigs were
btained as before. Only one cochlea was used from each to
inimize postmortem pathological changes caused by delayed
xposure. The other cochlea was fixed for conventional electron
icroscopy. Each experimental cochlea was placed in Hanks’
uffered salt solution (HBSS), chilled to reduce changes in ionic
istribution that may occur in vitro, opened, and the central mo-
iolus broken across at its base. The spiral was dissected out and

ncubated for 20 min in one of three different artificial perilymph
olutions:

(i) 1 mM Ca2� composed of (in mM) NaCl (142), KCl (4), MgCl2
(1.5) and CaCl2 (1)

(ii) 50 �M Ca2� composed of NaCl (136), KCl (4) and CaCl2
(0.05)

iii) 1 �M Ca2� composed of NaCl (142), KCl (4), CaCl2 (2.5) and
Na-HEDTA (5)

In addition, each solution contained 5 mM Na-Hepes and
mM glucose. The calcium concentrations were checked with a

alcium electrode (thanks to assistance from Professor Andrew
rawford, Department of Physiology, Development and Neuro-
cience, University of Cambridge).

Cochleae were then fixed by direct immersion in 2.5% glutar-
ldehyde in CB for 2 h and prepared either for FESEM (n�1 for
ach condition to evaluate tip link survival) or TEM (n�3 from
ach condition to analyze the structure and dimensions of tip links)
s described above.

For FESEM, 10 hair bundles were selected for each condition
rom approximately equivalent locations on the cochlear spiral
sing low magnification so that hair-bundle choice was not biased

y tip-link presence or absence. The magnification was then in- m
reased to �40,000 and an image acquired of each bundle for
ounting tip links.

For TEM, ultrathin sections were acquired from mid-apical
ocations in each of the three samples for each condition and
tained as before. Images were recorded on Ilford EM film
t �14,000 of pairs of stereocilia of the tallest and next tallest row
rom outer hair cells in row 1 only (to maximize uniformity). For
nclusion for measurement, each stereociliary pair had to be full
ength (as indicated by the presence of electron dense caps at the
ips and ankles at the base) and to contain identifiable tip-link
ttachment sites. For the 1 mM and 50 �M calcium condition,
easurements were only taken if a clear tip link was identifiable.
or the 1 �M condition, tip links were largely absent and so that
riterion could not be met. However, bundles where stereocilia
ere obviously bent or damaged were not selected for measure-
ent.

Micrographs were also taken of the tip-link region at a mag-
ification of �72,000. The lengths of the stereocilia (Lt and Ls)
nd the proportional distance of the upper dense attachment site
rom the tip of the stereocilium in which it was located (p) were
easured in the lower power micrographs; the dimensions of the

ight-angled triangle made by the tip link’s lower and upper attach-
ent points, the tip of the shorter stereocilium and the side of the

all stereocilium were determined from the higher power pictures
n�20 in each sample). Measurements were made directly from
he negatives using a graduated eyepiece. The microscope mag-
ification was calibrated periodically to check for consistency us-

ng a cross-grating grid with 2160 lines/mm.
Statistical analysis of the data were performed either using

icrosoft Excel (parametric tests only) or manually (non-paramet-
ic tests).

RESULTS

orphology of the extracellular cross links

ip links were found connecting the tips of the majority of
horter stereocilia with the sides of adjacent taller stereo-
ilia in many well-preserved hair bundles in OTOTO pre-
arations following conventional glutaraldehyde fixation
Fig. 1A). They typically had a Y-shaped morphology, with

single strand emanating from the tip of the short stere-
cilium branching into two strands attaching to the taller
tereocilium.

The morphology of the tip links after fixation with form-
ldehyde followed by OTOTO was then investigated as the
ffects of Triton-X-100 were subsequently determined in
ormaldehyde fixed samples where proteins are less well
reserved. The stereocilia after formaldehyde fixation had
ougher surfaces but tip links were similar in morphology to
hose observed after glutaraldehyde fixation (Fig. 1B).

At higher magnifications, more details of the tip link
ould be seen. Those which were forked consisted of a
ingle strand forming the lower portion branching into two,
ne half to two thirds (approximately) of the distance to-
ard the upper attachment (Fig. 1C). In FESEM, each of

he two branches was often similar in width to the lower
ingle filament. In some cases, tip links had a twisted
ouble-stranded appearance (Fig. 1D). Sometimes tip

inks were less obviously branched appearing as a rela-
ively featureless single strand but widening at the upper
nd suggesting shortened branches (Fig. 1E).

Lateral links were also visible between stereocilia,

ost obviously in outer hair cells where they form bands



b
t
r
s
e
g

E

T
t
w
g
s

i
t
s
b
o
t
(
o
fi
c

v

F
p
o
a
m
s
a
w �250 nm

D. N. Furness et al. / Neuroscience 154 (2008) 10–21 13
est seen along the shortest row of stereocilia. However,
hey were also present between the stereocilia of other
ows. Mild detergent treatment after formaldehyde fixation
ometimes enhanced these links so that the fine strands
manating from the membrane could be seen to join larger
lobular material near the middle of each band (Fig. 1E).

ffects of detergent extraction

he effects of treatment with Triton-X-100 depended upon
he strength of the detergent solution and the point at
hich exposure to it occurred. Exposure to 0.25% deter-
ent prior to fixation resulted in removal of much of the

ig. 1. (A) Field emission scanning electron micrograph showing t
reparation by the OTOTO method. The stereociliary membranes are
f most of the shorter stereocilia and are typically branched (arrows),
djacent stereocilia. (B) Tip-link morphology after fixation with formald
embrane appears rougher (arrows show branches, LL indicate latera

howing the twisted double strand conformation. (E) Example of a tip l
rrow). Details of the lateral links are also visible, with strands (e.g. wh
here globular material is present (between arrowheads). Scale bars
tereociliary membrane but left the actin core with a coat- O
ng of filamentous and globular material. The membrane
ended to be preserved well only in the ankle regions of the
tereocilia. Occasionally, the parallel actin filaments could
e seen but more often, as shown in Fig. 2A, they were
bscured by overlying material. Similar results were ob-
ained with exposure to higher levels of Triton-X-100
1.25%) during fixation but with less disorder of the stere-
cilia (Fig. 2B). Treatment with 2.5% Triton-X-100 after
xation resulted in stereocilia which were well ordered and
oated with many globular patches (Fig. 2C).

Both tip links and lateral links were still present to
arying extents after all the different detergent treatments.

cilia and extracellular cross-links after glutaraldehyde fixation and
d show a degree of surface roughness. Tip links are visible at the tips
n at a higher magnification in (C). Lateral links (LL) also connect the
he links are similar to those seen after glutaraldehyde fixation but the
C) Detail of a tip link showing two branches. (D) Example of a tip link
it widens at its upper end but does not clearly show branching (black

) emanating from each adjacent stereocilium and joining in the middle
(A, B); 50 nm (C, D); 100 nm (E).
he stereo
intact an
as show
ehyde. T
l links). (

ink where
ite arrow
bservations using FESEM showed that treatment with
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.25% Triton-X-100 before fixation left several surviving tip
inks on a bundle (Figs. 2A, 3A, B). Treatment with higher
oncentrations prior to fixation caused more damage and
reservation of the links was not apparent. Treatment with
eak Triton-X-100 solution (0.01%) during fixation (Fig. 3
) left many more tip links visible compared with any

reatment prior to fixation and the branched region could
e clearly seen. The effect of stronger detergent treatment
uring fixation was an increasingly greater apparent re-
oval of the stereociliary membrane as detergent strength

ncreased, leaving the tip link and its upper attachment site
isible as a plaque on the lateral wall of the stereocilium
specially after the highest concentrations used (Fig. 3D).
he tip link often was attached to a globular structure at the

ower end after 2.5% Triton-X-100 treatment following fix-
tion (Fig. 3E).

Observations using TEM were focused on the most
ffective Triton-X-100 treatment (2.5% during fixation).
hen compared with preparations made without using

etergent (Fig. 4A, C), this treatment resulted in significant
oss of membrane as judged by the absence of clear
ilayer structures (Fig. 4B, D) although amorphous mate-
ial visible could have been remnants of the membrane
hat were resistant to detergent. The tip links (Fig. 4B) and
ateral links (Fig. 4B, D) both survived detergent treatment
nd TEM embedding.

When compared with the structure of the tip link in
onventional material (Fig. 5A) more details were visible
fter detergent treatment (Fig. 5B). The tip link had a
lamentous appearance with branches visible as it ap-
roached both the upper and lower attachment sites. The
ttachment sites also retained their electron density (Fig.
B). The branching filaments at either end appeared to
onnect directly with the dense plaques. This arrangement

s only visible at the lower attachment site after demem-
ranation has occurred. Some evidence of this branching
ay be represented by the strands emanating from the
lobular material at the lower end of the tip link visible with
ESEM after detergent treatment (Fig. 3E).

ubstructure of the dense attachment sites

he attachment sites at the upper and lower end of the tip link
oth contain electron dense material in conventional prepa-
ations for TEM. When enhanced by tannic acid, the plaques
ere more obvious, but showed less substructure. The upper
laque tended to coincide with an indentation of the mem-
rane, and the tip link usually inserted into the lower half of

his plaque. The lower plaque often had a very regular rect-
ngular shape (Fig. 4A). Tannic acid also made the contact
egion denser and more obvious (Fig. 4A, inset).

The lower dense material seemed to consist of gran-
lar material in some sections, although little detail of its

arrows) are still present in places. (B) Treatment with 1.25% Triton-
-100 during fixation has similar effects as 0.25% prior to fixation

labels as in A). (C) Treatment with 2.5% Triton-X-100 after fixation
ppears to remove more of the membrane but preserves more links.
ig. 2. Effects of various different Triton-X-100 treatments on stereo-
iliary appearance. (A) Treatment with 0.25% Triton-X-100 prior to
xation substantially removes the membranes, leaving some residual
 rrows show tip links, some of which have globular material near their

ower end; LL indicates lateral links. Scale bar�600 nm.
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rganization could be discerned. The upper dense material
requently showed evidence of a substructure composed
f several globular or ring-like structures, best seen when
annic acid was not present. The number of these struc-
ures was variable. These were visible either as black or
hite annular or polygonal structures in conventionally pre-
ared material (Fig. 5A) with overall diameters of about 10–
5 nm and central cores approximately 5 nm in diameter.

To determine whether more details could be obtained
rom the electron micrographs of the dense plaque and ring-
ike substructures, images were digitized and enhanced us-
ng unsharp-mask filtering using Adobe Photoshop®. This
nabled clearer visualization of the regular polygonal shape
f one of these particles (Fig. 5 inset) and enhanced other

ig. 3. Effects of various different Triton-X-100 treatments on tip link a
inks (arrows) appear attached to the stereociliary core. Branching is
riton-X-100 (D) after fixation leaves tip links attached often with a plaqu
bove the branch point. (E) 2.5% Triton-X-100 after fixation produces
he tip of the shorter stereocilium (arrows). Scale bars�300 nm (A); 1
articles in the plaque. 6
ip-link length

ip-link lengths were measured from our archive of micro-
raphs from four different guinea-pig samples and two
urtles as summarized in Table 2 and Fig. 6. The mean
S.D. of guinea-pig tip link lengths was 142�26 nm

n�20). The maximum length measured was 190 nm (2
ip links) and the minimum 90 nm (1 tip link), both
easurements having been obtained from the same

ample (Table 2). For comparison, tip links in turtle
amples were 143�24 nm (n�6).

To obtain lengths more systematically, a set of micro-
raphs taken at �48,000 or �58,000 only of guinea-pig
uter hair cells in one cochlear location was analyzed (Fig.

ce. (A) After treatment with 0.25% Triton-X-100 prior to fixation the tip
ly distinguished. Treatment with 1.25% (B), 2.5% (C) during or 2.5%
at the upper attachment site (P in D). In (C) there may be three strands
with globular material at the lower end from which strands connect to
); 50 nm (C–E).
ppearan
not readi
e visible
tip links
). These gave a mean of 155.7�13 nm (n�26) and range
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f minimum to maximum of 127.5–187.5 nm. The data
ere further subdivided into links between tall and interme-
iate stereocilia (156.3�15 nm, n�15) and links between

ntermediate and short stereocilia (154.9�11 nm, n�11). No
ignificant difference was detected between the two catego-
ies of tip link (P�0.79, two-tailed Student’s t-test).

ffects of exposure to different calcium
oncentrations

he number of tip links surviving after treatment with dif-

ig. 4. TEM of stereocilia in conventionally prepared material (A, C) a
lso included in the fixatives. (A) An example of two tip links in the sa

ntermediate and shortest rows. The tip links (arrows) and their assoc
n the two pairs. Note also the row-to-row lateral links (R). The inset sho
R) and side-to-side (S) lateral links, tip links (arrow) and their attachm
emoved. (C). Horizontal section showing the conventional appearan
howing both orientations of lateral link are present after detergent tre
erent calcium concentrations was determined from spec- (
mens prepared for FESEM. Only one sample was prepared
or each condition as the primary purpose was to confirm that
he 1 �M calcium solution eliminated the tip links. In 10 hair
undles from each sample, visibly intact tip links were com-
on in the AP condition (percentage of possible locations

ontaining a tip link�52%), fewer in 50 �M calcium (41%)
nd least common in the 1 �M calcium (5%), confirming that
ip links are largely destroyed in the lowest calcium condition.
roken tip links and stumps of tip links were also observed, to
greater extent in 50 �M calcium (30%) compared with AP

.5% Triton-X-100 treatment following fixation (B, D). Tannic acid was
section between stereocilia of the tallest and intermediate rows, and
er and lower dense plaques appear similar and are of similar length

ontact region (C) in a similar section. (B) After Triton-X-100 row-to-row
are all clearly visible even though most of the membrane has been
-to-row (R) and side-to-side (S) lateral links. (D) Horizontal section

labels as in C). Scale bars�200 nm (A, B); 100 nm (C, D).
nd after 2
me radial
iated upp
ws the c
ent sites

ce of row
15%) and 1 �M calcium (9%).
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The structural and geometrical changes that oc-
urred in different calcium conditions were determined
y TEM. In the two higher calcium conditions, tip links
ere frequently visible, and the tips of the shorter ste-

eocilia appeared tented with a distinct gap between the
embrane and the dense cap over the actin core. In
�M calcium, the tip links were absent and the gap

etween the dense material and the membrane at the tip
f the shorter stereocilium was reduced, the tips them-
elves becoming more rounded. No alterations were
oted in the substructure of the dense material of either
ttachment site, both of which were still retained when
ip links were absent (Fig. 7).

Measurements of the proportional distance (p) of the
pper attachment site from the tallest stereociliary tip were
.334�0.014 in AP, 0.359 in 50 �M calcium and 0.325 in
�M calcium. These values were not significantly different
nd showed no obvious trend. The distances between the
pper and lower attachment points of the tip link were
64.4�57.3 nm in AP, 185.8�37.6 nm in 50 �M calcium
nd 209.7�38.9 nm in 1 �M calcium (Fig. 6B). The first
wo measurements represent the lengths of the tip link in
he two different conditions. A Kruskal-Wallis test showed
hat there were significant differences between the treat-
ents (P�0.0118) while Dunn’s multiple comparison post

esting revealed that they reached significance (P�0.05)

ig. 5. Details of tip-link structure in TEM. (A) The upper dense plaq
hat are shown enlarged in the inset, which has been filtered using th
articles clearer. (B) After detergent treatment (2.5% Triton-X-100 pos
ither end where it approaches the electron dense plaques (arrows). T
ars�50 nm (A, B) 10 nm (inset).
nly between AP and 1 �M calcium condition. The differ- c
nce between mean lengths of the tip link in AP and 50 �M
alcium was approximately 13%.

DISCUSSION

he aim of this study was primarily to investigate attach-
ents of the tip link, tip-link dimensions and sensitivity to

alcium for comparison with recent reports on the proper-
ies of PCDH15 and CDH23, possible components of the
ip link.

ttachment of the links to the cytoskeleton

he present results show that the tip links and their dense
ttachment material resist detergent extraction thereby
uggesting a relatively firm attachment to the cytoskeletal
ores of both stereocilia. This implies that there are trans-
embrane domains at the ends of the tip link or that the

ink binds strongly to transmembrane proteins attached to
he cytoskeleton, perhaps represented by the submem-
rane strands emanating from its lower end (Osborne et
l., 1988; Kachar et al., 2000). These observations are
onsistent with the tip link being composed of cadherins
ut with the caveat that other molecules may also fulfill
hese conditions.

As reported by Flock et al. (1977), the lateral links also
emain attached after detergent treatment. Together with
he tip-link data, this implies that intracellular processes

rs to contain a number of dense subunits. The arrows indicate three
mask function in Adobe Photoshop® in order to make the individual

), membranes have been removed and the tip link shows branches at
e plaques are relatively unaffected by the detergent treatment. Scale
ue appea
e unsharp
t-fixation
ould alter the interaction of extracellular links with the
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ytoskeleton to modify bundle properties. Calmodulin is
nriched in both the upper and lower attachment site of the
ip links and where lateral links attach (Furness et al.,
002) making these potential sites for modulation of the
ttachment by calcium.

Myosin 1c in the upper attachment plaque of the tip link
Steyger et al., 1998) has been proposed to form the slow
daptation motor. One question, therefore, is whether the
tructure of the attachment sites is consistent with them
ontaining myosin. While the lower attachment site was
omogenous, 10–15 nm diameter substructures were vis-

ble in the upper dense plaque. These may be larger than
xpected for myosin 1c; the similar myosin 1b has a head
omain with a radius of about 8 nm (Stafford et al., 2005)
nd their sometimes polygonal shape is reminiscent of a
hannel. However, while TEM can be used to visualize
ome channel structure (Unwin, 2003), the present images
re too ambiguous to interpret these structures as chan-
els or as myosin molecules.

If the upper plaque contains the adaptation motor, it
as been predicted to slip down when the tip link is under

ension and climb to restore tension after deflection of the
tereocilia (Assad and Corey, 1992). We looked for relative

able 2. Dimensions of tip links in various samples and preparation
onditions

C
ype

Type Length,
nm

Sample identity and,
if known, cochlear
location

Resin

HC SI 136.36 DZ1 Durcupan
HC TI 142.42 DZ1 Durcupan
HC SI 121.21 DZ1 Durcupan
HC TI 136.36 DZ1 Durcupan
HC TI 128.79 DZ1 Durcupan

HC SI 128.79 DZ1 Durcupan
HC TI 128.79 DZ1 Durcupan
HC SI 128.79 1043, Mid region Spurr
HC SI 163.64 1043, Mid region Spurr
HC SI 130.00 1043, Mid region Spurr
HC SI 130.00 1043, Mid region Spurr
HC SI 180.00 1043, Mid region Spurr
HC SI 127.27 1043, Mid region Spurr
HC TI 160.00 1151c, Mid region Spurr
HC SI 170.00 1151c, Mid region Spurr
HC TI 121.21 1153c, Basal region Spurr
HC TI 190.00 1153c, Basal region Spurr
HC TI 190.00 1153c, Basal region Spurr
HC SI 90.00 1153c, Basal region Spurr
HC TI 151.52 1153c, Basal region Spurr

150.00 Turtle 4R Spurr
175.76 Turtle 4R Spurr
163.64 Turtle 4R Spurr
136.84 Turtle 3L Spurr
113.64 Turtle 3L Spurr
121.21 Turtle 3L Spurr

The hair cell type (OHC�outer hair cell, IHC�inner hair cell), the
ows which are connected (TI�tall to intermediate, SI�short to inter-
ediate), the length in nm, the sample identity in our database and

ocation along the cochlea (if known) and the resin used to embed the
ample are given.
ovement of the plaque in the presence and absence of
d
s

ip links where tension would be relieved but could detect
o significant change in its proportional distance from the
ip of the stereocilium in which it was located.

imensions of tip links

he length of the tip links measured in our conventional
amples was �150 nm, ranging from 90 nm (one tip link) to
90 nm (two tip links). This range is considerable, and the
ean is shorter than the predicted length for CDH23 and
CDH15 associations of �180 nm (Kazmierczak et al.,
007). The variability may arise from a number of sources.

Measurement error. First, it is difficult to determine
he precise ending of the tip link in TEM. To reduce this
rror, the mid-point of the upper dense plaque and the tip
f the shorter stereocilium were consistently used. How-
ver, if the link attaches either to the top or bottom of the
ense plaque, the error would be (at most) 25 nm or half
he width of the plaque. Frequently, the link attached to the
ower half of the plaque making the lengths we have mea-
ured overestimates rather than underestimates.

Second, the link could lie obliquely in section generating
parallax error. In �100 nm thick sections, a 180 nm ob-

iquely oriented tip link viewed laterally would appear to be
60 nm long, closer to our mean values. However, since
easurements were made on sections containing significant
ortions of the full length of the stereocilia, the long axes of

he tip link would normally be parallel to the section face.
hus few tip links would be oblique and the contribution
f parallax error to mean tip-link length small. Moreover,

he minimum length (90 nm), when corrected for maxi-
um parallax error, would represent a 135 nm long tip link
hich is still too short by 25%; while this may have been
nomalous, the next highest value was �120 nm which

ig. 6. Histogram showing the distance between the tip-link attach-
ent sites in various samples: on the left half of the histogram,

general’ refers to our archive of micrographs; ‘specific’ refers to one
ample of mid-apical outer hair cells and ‘turtle’ refers to micrographs
rom turtle samples. On the right-hand side, the distance in different
alcium concentrations is shown. Note that as calcium concentration

ecreases, the distance increases. Values represent the mean and
tandard error.
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ould represent a maximum of 156 nm, still 13% shorter
han the 180 nm cadherin complex.

Third, there could be shrinkage of the tissue in prepa-
ation for TEM, causing the gaps between stereocilia to
arrow, shortening the link. However, the fact that the

engths can vary by at least 30% (and possibly as much as
00%) in the same sample would probably rule out shrink-
ge as a major factor in the variability.

Thus overall, the measurement errors may account for
ome of the apparent variability of tip-link length, but much
f it is also likely to be due to other factors.

Variation in tip-link composition. If it is made of a
DH23–PCDH15 complex, could differences in the num-
er of residues or of molecules of each cadherin explain tip

ink length variations? CDH23 normally has 27 cadherin
esidues in the ectodomain (Sotomayor et al., 2005), while
CDH15 has 11 (Ahmed et al., 2006). The data presented
ere are not sufficiently high resolution to determine
hether residue number varies, but it seems unlikely that
ariations in the number of molecules occur since the
engths were continuously variable rather than forming
iscrete groups as would be expected.

The identical morphology (Furness and Hackney, 2006)
nd similar mean lengths of turtle tip links suggest a highly
onserved composition. Similarly, avian tip links are between
50–200 nm long (Tsuprun et al., 2004). Although the latter
re longer overall than in our conventional material, the cal-
ium concentration present in the preparation of the avian
aterial was not specified by the above authors and this

ould affect the lengths obtained (see below).

Physiological variation in tip links. The best agree-
ent between tip-link length and the length of the CDH23–
CDH15 complexes was that found after the 50 �M cal-
ium exposure (�185 nm vs. 180 nm). Among our condi-
ions, this was closest to the optimal 100 �M calcium
eeded for formation of the complex (Kazmierczak et al.,
007) suggesting physiological conditions affects the link
imensions. The tip-link length data presented here can be

ig. 7. The ultrastructure of the tip-link region after exposure to diffe
mM calcium (A) or 50 �M calcium (B), the tip link has a normal mor

s a gap between the dense material and the membrane. After 1 �M
less obvious gap between the membrane and the dense cap. Scale
est reconciled with the data from CDH23–PCDH15 prep- s
rations if the molecular organization of the tip link is
alcium-dependent.

he effects of calcium on tip-links and their length

Survival of tip links in different extracellular calcium
oncentrations. Observations using FESEM confirmed
hat tip links were largely absent after removal of calcium,
nd that in 50 �m calcium, more were broken than in 1 mM
alcium. Even in the latter, only 50% of possible tip loca-
ions contained identifiable tip links. Variability in tip-link
umbers in other preparations (Furness and Hackney,
npublished observations) suggests that it is rare that all
ip links are preserved, so the 50% observed in 1 mM
alcium reflects an element of survival of the preparation.

Dimensions of tip links in different extracellular calcium
oncentrations. Decreases in calcium concentration ap-
eared to systematically increase tip-link length and sep-
ration of the attachment sites. One explanation of this
bservation is that the molecular conformation of the tip

ink is modified by the changes in calcium ion concentra-
ion. A mechanism for the length change may be the tip link
nfolding at its branch point. This is possible because
bservations on tip-link structure suggest either a double
Kachar et al., 2000; Tsuprun et al., 2004) or triple (Tsu-
run and Santi, 2000) helical structure that could unwind.
ifferent degrees of unfolding may explain the variability of

engths obtained across all our samples and result in the
ltimate loss of the link.

This view is consistent with the appearance of cadherin
3 in trans which has branches of variable length reminis-
ent of different degrees of unfolding (Kazmierczak et al.,
007). The absence of branching in some tip links supports
he idea that the degree of unwinding is variable. Since
adherin 23 unfolds in the absence of calcium (Kazmierc-
ak et al., 2007) this could also explain the increased

ength with decreased calcium if the unfolding is facilitated
y partial removal of calcium ions.

Another explanation for the length change is that the

ium concentrations. After incubation in artificial perilymph containing
The tips of the short stereocilia are slightly tented (arrows) and there
C) the tip link is absent and the short stereocilium tip is rounded with
nm.
rent calc
phology.
calcium (
tereocilia become displaced in an excitatory direction in
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ow extracellular calcium as has been observed in bullfrog
Assad et al., 1991) and turtle (Hackney and Furness,
995b). If the displacement increases with decreasing cal-
ium then elongation and eventual loss of the tip links
ould occur as the tension on the link increases until it
reaks. This is also suggested by the rounding of the
tereociliary tips after loss of the tip link indicating removal
f tension (Hackney and Furness, 1995b; Rzadzinska et
l., 2004), by the greater proportion of broken links in
0 �M calcium than in AP, and by the reduced gap be-

ween the membrane and dense material in the shorter
tereocilium after 1 �M calcium treatment. Since there are
bservations which support both the unfolding and the
isplacement suggestions, it could also be that the two
ombine to generate the results observed here.

Is there an alternative mechanism to these two hypoth-
ses? Molecular modeling studies by Sotomayor et al.
2005) suggest that cadherin would require a physiologi-
ally unlikely force to stretch the molecule by 10 nm. The
pparent change in length found here of about 13% or
0 nm from a resting length of 165 nm, in conditions
etween 1 mM and 50 �M calcium where the transduction
echanism still functions, is thus less consistent with a

imple physical stretching of the tip link assuming that it is
omposed of cadherin molecules.

CONCLUSIONS

he data presented here indicate that the tip links have
rans-membrane domains consistent with a cadherin-
ased composition. Tip-link lengths can be reconciled with
he size of CDH23–PCDH15 complexes in appropriate
alcium conditions. The changes detected in different ex-
racellular calcium concentration followed by fixation are
ompatible with a model in which CDH23 unfolds and/or
ith an excitatory displacement of the bundle as the cal-
ium concentration gets lower.
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