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ABSTRACT
The tectorial membrane (TM) is an acellular connective tissue overlying

the sensory hair cells of the organ of Corti. Association of the tectorial
membrane with the stereocilia of the sensory hair cells is necessary for
proper auditory function. During development, the mature tectorial mem-
brane is thought to arise by fusion of a ‘‘major’’ and ‘‘minor’’ tectorial
membrane (Lim, Hear Res 1986;22:117–146). Several proteins and glycocon-
jugates have been detected in the developing TM; however, the specific
molecules which mediate fusion of the two components of the TM have not
been identified.

In the present study, a novel monoclonal antibody (TC2) that recognizes
a native epitope on glycosaminoglycans enriched in chondroitin-4-sulfate
revealed a transient and restricted expression in the developing gerbil TM.
The localization patterns suggest that Deiters’ and pillar cells secrete a
TC2-positive matrix prior to birth that later becomes incorporated into the
marginal band and superior layer (cover net) of the TM. The developmental
timecourse and patterns of TC2 reactivity suggest that this molecule may
play a critical role in the fusion of the minor TM with the major TM. Anat
Rec 256:64–71, 1999. r 1999 Wiley-Liss, Inc.
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The tectorial membrane (TM) is an acellular connective
tissue that overlies the sensory epithelium of the organ of
Corti. In mammals, the stereocilia of the outer hair cells
(OHC) are embedded in the TM. Inner hair cells (IHC) do
not appear to be embedded in the TM; however, contro-
versy still exists about whether some IHC stereocilia
insert into the TM or touch the TM transiently during
development (Lim, 1972; Lenoir et al., 1987; Rueda et al.,
1996). Displacement of the basilar membrane in response
to sound stimuli causes movement of the stereocilia that
ultimately results in signal transduction. The TM is
believed to be an integral part of the signal transduction

process by either creating a shearing movement to displace
the stereocilia, or by providing a stationary membrane
against which the stereocilia move in response to basilar
membrane vibration (Zwislocki et al., 1988). Thus, associa-
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tion of the TM with the stereocilia is one of the necessary
relationships for proper auditory function.

The TM is divided into several different zones including
the limbal, middle and marginal zones oriented in the
medial to lateral direction; and the cover net, fibrous and
basal layers oriented in the superior to inferior direction.
Lim and colleagues (Lim, 1972; Lim and Rueda, 1990,
1992; Rueda et al., 1996) describe two components of the
developing TM, the major and minor TM. In the mouse,
the major TM forms during late embryogenesis (i.e. embry-
onic days (E)16–18, Rueda et al., 1996) from the greater
epithelial ridge, the region that will give rise to the spiral
limbus, inner sulcus and inner hair cells (Lim and Rueda,
1992). The major TM extends from the greater epithelial
ridge to cover the IHC, OHC and supporting cells. In
contrast, the minor TM, first detected at E19 in the mouse
(Rueda et al., 1996), is formed mainly by cells of the lesser
epithelial ridge including Deiters’, Henson, and pillar cells
(Lim and Rueda, 1992; Rueda et al., 1996). From postnatal
days (P)6–12, the major and minor TM fuse to create a
single, mature TM (Lim and Rueda, 1992; Rueda et al.,
1996).

The TM is comprised of proteins and glycoconjugates
(Kronester-Frei, 1978; Richardson et al., 1987; Santi and
Anderson, 1987; Thalmann et al., 1987, 1993; Lim and
Rueda, 1990, 1992; Munyer and Schulte, 1991, 1994, 1995;
Slepecky et al., 1992; Sugiyama et al., 1992; Remezal et al.,
1993). The TM is made up of two types of fibrils, type A and
type B. Type A fibrils are packed in bundles throughout the
main body (limbal and middle zones) of the TM, whereas
type B fibrils are diffusely arranged in the main body, and
heavily concentrated in Henson’s stripe which overlies the
inner hair cells, the marginal band, and the cover net
(Kronester-Frei, 1978). Glycoconjugates in the type B
fibrils have been proposed to anchor the TM to the spiral
limbus and facilitate attachment of the stereocilia bundles
to the TM (Lim and Rueda, 1990; Slepecky et al., 1992;
Rueda et al., 1996). However, correlation of a specific
glycoprotein, proteoglycan, or glycosaminoglycan with ei-
ther of these events has not been accomplished to date.

TC2 is a novel monoclonal antibody that recognizes a
native epitope on glycosaminoglycans (GAGs) and proteo-
glycans enriched in chondroitin-4-sulfate and has been
used to reveal subdomains of the extracellular matrix in
the developing chick heart (Capehart et al., 1999). In the
present study we used TC2 to demonstrate a transient and
restricted expression of this epitope in the developing TM
of the gerbil cochlea. The localization pattern suggests
that Deiters’ and pillar cells secrete a TC2-positive matrix
prior to birth that later becomes incorporated into the
marginal band and superior layer (cover net) of the TM.
The developmental timecourse and patterns of TC2 reactiv-
ity suggests that this molecule may play a critical role in
the fusion of the minor TM with the major TM.

MATERIALS AND METHODS
Tissue Preparation

For developmental analysis, inner ears (n 5 2–7/age)
were obtained from Mongolian gerbils (Meriones unguicu-
latus) at embryonic day (E)18; postnatal day (P)2, 4, 8, 10,
12, 14, 18, 19, 20; and adult stages (2, 4, 24 and 36 months).
To test for species-specificity of the antigen, mouse inner
ears were also examined at selected stages. Embryonic
rodents were harvested from timed-pregnant females killed

by inhalation of carbon dioxide. Early postnatal animals
(P2–P4) were also killed by inhalation of carbon dioxide.

For whole mount preparations, P2 cochleas were immer-
sion fixed in Carnoy’s solution (60% ethanol, 30% chloro-
form, and 10% glacial acetic acid) for 4.5 hr (n 5 6). The
tissues were stored in 70% ethanol, then placed in PBS for
dissection. Under a stereomicroscope, the stria vascularis,
Reissner’s membrane and major TM were removed with
fine forceps. Half turn segments of the organ of Corti were
removed and processed for immunohistochemistry as de-
scribed below.

For immunohistochemical analysis of paraffin-embed-
ded tissues, embryonic and early postnatal heads were
bisected along the midsagittal plane and immersion fixed
for 6–18 hr in Carnoy’s fixative. Older animals (P5–adult)
were heavily anesthetized by intraperitoneal injection of
urethane, then exsanguinated by transcardial perfusion
with warm 0.9% saline solution containing Carnoy’s fixa-
tive. Following perfusion, inner ears were dissected, the
round window pierced, the stapes removed and 1 ml of
fixative was infused through the oval window. Inner ears
were immersion fixed for an additional 30 min, rinsed in
phosphate buffered saline (PBS) then decalcified in 0.12 M
EDTA (pH 7.0) for 24–72 hr. All tissues were then rinsed in
PBS, dehydrated through a graded series of alcohols,
cleared in histoclear, then embedded in paraffin (Vision
52°C , Vision Medical). Sections were cut at 4µm in the
modiolar plane, and two to four sections were mounted on
each slide.

All procedures were approved by the MUSC Institu-
tional Animal Care and Use Committee.

Monoclonal Antibody
The monoclonal antibody TC2 (an IgM), was produced

by in vitro immunization of splenocytes with a peanut
agglutinin-positive fraction from extracts of prechondro-
genic micromass cultures of chick limb mesenchyme (Cape-
hart et al., 1999). TC2 recognizes a native epitope on GAG
chains (bovine trachea, Sigma) that are enriched in chon-
droitin-4-sulfate.

Immunohistochemistry
TC2 antigen was detected in paraffin embedded tissues

using either a horseradish peroxidase (HRP)-conjugated
secondary antibody or a fluorescein-conjugated secondary
antibody. All sections were viewed on a Zeiss Axioskop or a
BioRad Model MRC-100 confocal microscope using stan-
dard filter and collection functions for fluorescein. Tissues
from two to seven animals at each age were run in two to
five separate trials. Immunoreactivity patterns were simi-
lar in gerbils and mice, indicating that there were no
species differences in TC2 immunoreactivity in the inner
ear.

For analysis of paraffin sections with HRP, tissues were
deparaffinized in histoclear, rehydrated through a graded
series of alcohols, then treated with 0.3% hydrogen peroxi-
dase to inhibit endogenous peroxidase activity. Sections
were blocked with 1% normal goat serum/PBS for 20 min,
then incubated in TC2 supernatants (undiluted) overnight
at 4°C. The following day, sections were rinsed in PBS,
incubated in biotinylated goat anti-mouse IgM (1:200) for
20 min, then washed in PBS and incubated with the
avidin-biotin horseradish peroxidase complex (ABC, Vec-
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tor Labs). Sites of binding were visualized with 3,38-
diaminobenzidine (DAB)-H2O2 substrate medium.

For analysis of paraffin sections with fluorescein, sec-
tions were cleared and rehydrated as above, then blocked
with 1% bovine serum albumin (BSA) and 5% normal goat
serum in PBS for 2 hr. Sections were then incubated in
TC2 supernatant (undiluted) overnight at 4°C. The follow-
ing day, sections were washed in PBS then incubated in
fluorescein-conjugated goat anti-mouse IgM diluted 1:200
in blocking buffer for 2 hr at room temperature. Sections
were rinsed thoroughly then mounted in Immunomount
(Shandon, Inc).

For immunohistochemical analysis of whole mount or-
gan of Corti preparations, tissues segments were incu-
bated for 1 hr in PBS containing 0.1% Triton X-100, rinsed
in 0.01% Triton X-100/PBS, then blocked in 1% BSA and
5% normal goat serum in PBS for 2.5 hr at room tempera-
ture. The tissue was then rinsed and incubated in TC2
supernatant (undiluted) for 2 hr at room temperature.
Segments were rinsed eight times over 25 min in blocking
solution, then incubated in fluorescein-conjugated goat
anti-mouse IgM for 2 hr at room temperature. Following
rinsing in 0.01% Triton X-100/PBS, segments were mounted
on glass slides using Immunomount (Shandon Inc.).

Control sections consisted of tissues processed without
the primary antibody or with another IgM antibody that
reacts with a native epitope on GAG chains (shark carti-
lage, Seikagaku) enriched in chondroitin-6-sulfate (d1C4,
Capehart et al., 1997).

To test whether the TC2 epitope present in the cochlea
was masked by hyaluronic acid, tissue sections of the
gerbil cochlea (E18, P4, P12) were pretreated with Strepto-
myces hyaluronidase (10 U/ml, Sigma) in 30 mM sodium
acetate (pH 5.2) with 125 mM sodium chloride and prote-
ase inhibitors (1µM pepstatin A, 1µM leupeptin, 1 mM
PMSF and 1 mM EDTA). Negative controls were treated
with the buffer containing protease inhibitors. Paraffin-
embedded tissue sections from E4 chick were used as a
positive control. Deparaffinized sections were incubated in
the enzyme or control solution for 2 hr at 37°C. Following
treatment, sections were washed thoroughly in PBS, then
processed for HRP immunohistochemistry as described
above.

RESULTS
Whole mount preparations of the organ of Corti at P2

revealed selective TC2 immunoreactivity over the apical
surface of the Deiters’ cells that surround OHC, and the
apical surface of inner pillar cells that lie adjacent to IHC
(Fig. 1A,B). This immunoreactivity was observed through-
out the length of the organ of Corti (Fig. 1A).

In modiolar sections of paraffin embedded tissues from
P2–P4, TC2 immunoreactivity was detected in all turns of
the cochlea along the apical surface of Deiters’ and pillar
cells (Fig. 1C, P2, and Fig. 2, P4). At E18, the earliest stage
that TC2 was detected, TC2 immunoreactivity was also
found along the apical surface of Deiters’ cells and pillar
cells. However, at this stage, TC2 immunoreactivity was
limited to the basal turn (not shown). Thus, a developmen-
tal spatial and temporal gradient of TC2 expression was
observed from the cochlear base to apex between late
embryogenesis and the first four postnatal days.

By P8, TC2 immunoreactivity in the basal turn of the
cochlea was substantially decreased in Deiters’ and pillar
cells (Fig. 3C); however, immunoreactivity was still clearly

seen above these supporting cells in the middle and apical
turns (Figs. 3A,B). In addition, TC2 showed strong stain-
ing in the body of the TM, primarily in the distal region
above OHC and Deiters’ cells in the middle and apical
turns (Fig 3A,B). The immunoreactivity at the distal tip of
the TM was greatest in the middle and apical turns from
P8–P10 (Fig. 3A,B). In comparison, in the basal turn, TC2
immunoreactivity was much more restricted in the distal
tip of the TM (Fig. 3C).

At P12, TC2 immunoreactivity in the Deiters’ and pillar
cells was absent in all turns (Fig. 4), indicating that the
TC2 antigen was no longer secreted by these supporting
cells. TC2 immunoreactivity was also absent in the distal
TM in the basal turn (Fig. 4C), and was less intense in the
middle turn than in the apical turn at this stage (Fig.
4A,B). Staining for TC2 in the middle and apical turns was
more diffuse than at earlier stages and was limited primar-
ily to the marginal and superior zones of the TM. Thus,
TC2 immunoreactivity declined in the basal to middle
turns first from the supporting cells, then from the TM.

By P20, TC2 immunoreactivity was concentrated in the
tip of the TM, but only in the apical turn (not shown). TC2
immunoreactivity was now absent in the middle and basal
turns. The immunoreactivity in the apical turn persisted
throughout adulthood (Fig. 5), up to 36 months. Thus, in
contrast to the basal and middle turns, there was no
further developmental change in immunoreactivity in the
apical turn after the third postnatal week.

Sections processed without primary antibody did not
reveal staining. Sections treated with another IgM anti-
body (d1C4) recognizing a different native chondroitin
sulfate epitope did not stain the apical surfaces of Deiters’
and pillar cells at P2 as did TC2; however, others regions of
the cochlea were immunoreactive (Fig. 6). Thus, the TC2
antibody appears to recognize a native chondroitin sulfate
GAG epitope unique to the developing TM.

Pretreatment of tissue sections (E18, P4, P12) with
Streptomyces hyaluronidase did not enhance the intensity
of TC2 immunoreactivity in any of the cochlear turns at
E18, P4, or P12 (not shown). However, consistent with
previous results (Capehart et al., 1999), TC2 immunoreac-
tivity was more intense in chick (E4) somites following
Streptomyces hyaluronidase pretreatment (not shown).
Thus, in Deiters’ cells, pillar cells or the TM, hyaluronic
acid does not appear to mask the epitope recognized by
TC2.

DISCUSSION
The results of the present study indicated that the TC2

epitope is selectively expressed in regions associated with
formation of the ‘‘minor’’ TM. Immunoreactivity first ap-
peared above the Deiters’ and pillar cells during late

Fig. 1. TC2 immunoreactivity in the gerbil organ of Corti at P2. A,B:
Whole mount preparations revealed TC2 immunoreactivity on the apical
surface of Deiters’ cells (arrowheads) and pillar cells (arrows) in all turns
of the cochlea. No other cells, including the adjacent inner and outer hair
cells, were positive for TC2 immunoreactivity. Boxed region in A indicates
enlarged region shown in B. C: Cross section through the midmodiolar
plane also revealed TC2 immunoreactivity along the apical surface of
Deiters’ (arrowhead) and pillar cells (arrow) at P2. No other regions of the
developing cochlea were positive for TC2 immunoreactivity. D: Whole
mount organ of Corti lacking primary antibody did not reveal any staining.
Scale bars 5 100 µm in A, C and 25 µm in B.
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Figure 1.
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embryogenesis and early postnatal stages. At later postna-
tal stages, TC2 immunoreactivity began to appear in the
TM itself, primarily in the marginal and superior zones
that lie above the organ of Corti. Thus, it appears that the
Deiters’ and pillar cells secrete a unique component(s) of
the TM that is recognized by the TC2 antibody.

Traditionally, the TM is thought to be secreted by
interdental cells of the spiral limbus (Gil-Loyzaga et al.,
1991). During development, the TM is thought to extend
across the spiral limbus until it eventually covers the
organ of Corti (Lim and Anniko, 1985; Lenoir et al., 1987;

Gil-Loyzaga et al., 1991). The embryonic TM is detected
over these regions by E18 in both rats and mice (Gil-
Loyzaga et al., 1991; Rueda et al., 1996). Several studies
have indicated that other cells, particularly those in the
lateral region of the cochlea, also contribute to secretion of
the TM (Gil-Loyzaga et al., 1991; Lim and Rueda, 1992;
Rueda et al., 1996). For example, Lim and colleagues (Lim,

Fig. 2. TC2 immunoreactivity in organ of Corti at P4. Apical (A), middle
(B), and basal (C) turns of the cochlea revealed TC2 immunoreactivity on
the apical surface of Deiters’ (arrowheads) and pillar cells (arrows), similar
to that observed at P2. Scale bar 5 25 µm for all panels.

Fig. 3. Spatiotemporal changes in TC2 immunoreactivity. At P8, TC2
immunoreactivity continued to be detected above Deiters’ (arrowheads)
and pillar (arrows) cells in the apical (A) and middle (B) turns, but was
absent from these cells in the more mature basal turn (C). In addition, TC2
immunoreactivity was now also detected in the body of the TM, particu-
larly in the apical and middle turns (A,B, large arrows). Little immunoreac-
tivity remained in the TM of the basal turn at P8 (C, arrowhead). Scale
bars 5 25 µm.
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1972; Lim and Rueda, 1992; Rueda et al., 1996) describe
formation of a ‘‘minor’’ TM which is produced by Deiters’,
Hensen and pillar cells. It is thought that this minor TM
fuses with the major TM to form the mature TM. In the
mouse, the minor TM is first detected at E19 and later
appears to extend radial fibers toward the major TM

(Rueda et al., 1996; Lim and Rueda, 1996). The major and
minor TM then fuse from P6 to P12 to form the mature TM
(mouse, Rueda et al., 1996; Lim and Rueda, 1996). In the
gerbil, the TM also attains its mature form by P12 (Souter
et al., 1997).

The results of the present study suggest that a proteogly-
can component of the minor TM may be secreted from the
apical surface of Deiters’ cells and pillar cells. TC2 was
localized in the apical regions of differentiating Deiters’

Fig. 4. Basal to apical decrease in TC2 immunoreactivity in the TM. By
P12, TC2 immunoreactivity was limited to the marginal and superior
zones of the TM in the apical (A) and middle (B) turns (arrowheads). TC2
was completely absent in the TM in the basal turn by P12 (C). Scale bar 5
25 µm for all panels.

Fig. 5. TC2 immunoreactivity persisted only in the apical turn of the
adult organ of Corti. Other turns had lost TC2 immunoreactivity by P20.
Scale bar 5 25 µm.

Fig. 6. Immunoreactivity in the P2 organ of Corti using an IgM
antibody that reacts with a native epitope on GAG chains enriched in
chondroitin-6-sulfate (d1C4). d1C4 immunoreactivity was detected in the
spiral limbus (large arrowhead), in the basement membrane below the
sensory epithelium (arrowheads), and in the membrane below the outer
sulcus (arrow). These expression patterns did not overlap the pattern
observed with TC2. Scale bar 5 100 µm.
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and pillar cells beginning as early as E18, when the minor
TM is first clearly detectable. Immunoreactivity increased
in these cells in a basal to apical direction until approxi-
mately P4, after which staining intensity decreased in a
basal to apical direction from approximately P8–P12.
However, during this same period, TC2 immunoreactivity
began to be detected in the marginal and superior zones of
the TM, areas that are rich in type B protofibrils (Kronester-
Frei, 1978). Again, a developmental loss of TC2 staining
was noted, with the TM in the basal region losing TC2
immunoreactivity prior to that in the less mature middle
and apical turns. Only the very distal tip of the apical TM
retained TC2 immunoreactivity throughout adulthood.

The present study indicates that TC2 antigens became
incorporated into the TM corresponding to the stages
when the major and minor TM fuse. Using transmission
electron microscopy, Rueda et al. (1996) also reported the
presence of a prominent amorphous layer above the OHC
and Deiters’ cells in the P10 mouse. This layer then fused
with the main body of the TM and appeared to be highly
adhesive to stereocilia (Rueda et al., 1996). Therefore, TC2
could detect a molecule necessary for fusion of the minor
and major TM, or provide an adhesive cue for attachment
of the TM to OHC stereocilia. The developmental time-
course of TC2 appears to support the former hypothesis.

The TC2 antibody is a novel monoclonal antibody pro-
duced by in vitro immunization of splenocyctes with a 200
kD peanut-agglutinin-binding fraction from extracts of
prechondrogenic micromass cultures of chick limb mesen-
chyme (Capehart et al., 1999). Unlike most antibodies to
GAGs, TC2 reacts with a native epitope and therefore does
not require digestion with chondroitinase in order to
expose the antigen site. TC2 has been localized to the
acellular matrix of endocardial cushions in the developing
heart (Capehart et al., 1999). Initial characterization
revealed that TC2 preferentially recognizes a native epi-
tope on GAG chains enriched in chondroitin-4-sulfate from
mammalian sources and that this epitope is represented
on several proteoglycans isolated from embryonic chick
brain (e.g. aggrecan, versican, neurocan, and phosphacan).
As discussed by Capehart et al. (1999), chondroitin sulfate
GAG chains found on specific proteoglycans may vary
between tissues, or in their developmental expression.
Thus, TC2 reactivity is not necessarily representative of
any one proteoglycan. However, in this case, given the
acellular nature of the TM and the resistance to epitope
unmasking by Streptomyces hyluronidase, the data are
consistent with TC2 recognizing the same proteoglycan in
Deiters’ cells, pillar cells and the TM.

Capehart et al. (1999) found that TC2 immunoreactivity
in the developing chick embryo is abolished by pretreat-
ment with testicular hyaluronidase, which degrades hyal-
uronic acid and chondroitin sulfate GAGs, but is resistant
to Streptomyces hyaluronidase, which degrades only hyal-
uronic acid. In fact, Streptomyces hyaluronidase enhances
the intensity of TC2 immunoreactivity in several tissues
including the heart and somites, suggesting that the TC2
antigen is often closely associated with hyaluronic acid. In
the present study, TC2 localization in the Deiters’ and
pillar cells of the developing gerbil cochlea was not en-
hanced by pretreatment with Streptomyoces hyaluroni-
dase. Earlier histochemical studies of carbohydrate local-
ization in the cochlea also found treatment with
hyaluronidase failed to block Alcian blue (pH 0.5 and pH
2.5) or periodic acid-Schiff staining (Lim and Rueda, 1990),

thus hyaluronic acid does not appear to accumulate in
Deiters’ cells, pillar cells or the TM.

The TM comprises type II, V, and IX collagens, as well as
several glycoconjugates, suggesting that the TM is a
gelatinous membrane composed of glycoconjugates rein-
forced by collagen (Thalmann et al., 1987, 1993; Lim and
Rueda, 1990,1992; Munyer and Schulte, 1991; Slepecky et
al., 1992). In addition, non-collagenous components, termed
tectorins, comprise up to 50% of the total TM protein
(Richardson et al., 1987; Killick and Richardson, 1997).
Carbohydrates have been detected in several supporting
cells including Deiters’ and pillar cells (Santi and Ander-
son, 1987; Lim and Rueda, 1990; Hozawa et al., 1993). In
one study using Alcian blue/periodic acid-Schiff staining to
detect acidic and neutral carbohydrates (Lim and Rueda,
1990), pillar cells were intensely stained prior to birth,
when the major TM begins to form; whereas Deiters’ cells
were first stained at E18, just prior to the formation of the
minor TM. Deiters’ cells later revealed maximum staining
intensity from P10 to 12, the period when the two portions
of the TM fuse and the adult form is attained (Lim and
Rueda, 1990). Thus, glycoconjugates may contribute to the
formation of both the major and minor TM, although the
particular stains used in that study (Lim and Rueda, 1990)
could not differentiate specific glycoconjugates.

Other antibodies to GAGs have been used to evaluate
the distribution of glycoconjugates in the developing cochlea
(Munyer and Schulte, 1991, 1994, 1995); however, none of
these showed a pattern of immunoreactivity similar to
that of TC2. Antibodies to chondroitin-4-sulfate, chondroi-
tin-6-sulfate and keratan sulfate GAG epitopes revealed
developmental gradients in the gerbil cochlea, with stain-
ing in the base appearing 24–48 hr prior to staining in the
apex (Munyer and Schulte, 1995). All three antibodies
revealed a similar distribution throughout the superior
and upper fibrous layer of the TM and did not appear to be
specifically associated with either type A or type B fibrils
(Munyer and Schulte, 1994). Both chondroitin 4- and
6-sulfate epitopes were highly concentrated throughout
the superior and upper fibrous layers of the TM across the
limbal, middle and marginal zones. In contrast, TC2
immunoreactivity was limited to the distal portion of the
TM in the marginal and superior-most layers. Munyer and
Schulte (1995) reported that chondroitin 4-sulfate immuno-
reactivity reached adult levels at birth, while chondroitin
6-sulfate immunoreactivity increased gradually until P16.
Neither the chondroitin-4-sulfate nor the chondroitin-6-
sulfate antibodies used in that study localized to Deiters’
or pillar cells, as was observed with TC2. Using TC2 and
the same anti-chondroitin 4-sulfate antibody as Munyer
and Schulte (1991) (i.e. CS-56, Sigma), Capehart et al.
(1999) noted differences in immunostaining patterns with
these two antibodies in the developing chick heart. Thus,
although both CS-56 and TC2 detect proteoglycans en-
riched in chondroitin-4-sulfate GAGs, they appear to recog-
nize different chondroitin sulfate epitopes represented on
different proteoglycans.

Glycoconjugates often serve to regulate cell-to-cell or
cell-to-substrate interactions. Lim and Rueda (1996) sug-
gest that glycoconjugates in the TM provide the structural
components necessary for stiffness and resilience, the
adhesion molecules required for the attachment of the TM
to the spiral limbus, and/or the adhesion molecules neces-
sary for attachment of the stereocilia bundles to the TM.
Glycoconjugates may also be necessary to fuse the major
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and minor components of the TM (Lim and Rueda, 1990).
The unique and selective developmental expression of TC2
antigens in the TM suggests that it plays a role in fusion of
the minor and major TM. It is also possible that TC2 plays
a role in the initial adhesion of the TM and OHC.

ACKNOWLEDGMENTS

The authors thank Dr. Samuel Spicer for his many
helpful discussions and comments on the manuscript, B.H.
Schmiedt for technical assistance, and Sue Tjepkema-
Burrows for photographic assistance. This work was sup-
ported by NIDCD DC03121 (LMB) and HL52813 (ELK
and AAC).

LITERATURE CITED
Capehart AA, Wienecke MM, Kitten GT, Solursh M, Krug EL. 1997.

Production of a monoclonal antibody by in vitro immunization that
recognizes a native chondroitin sulfate epitope in the embryonic
chick limb and heart. J Histochem Cytochem 45:1567–1581.

Capehart AA, Mjaatvedt CH, Hoffman S, Krug EL. 1999. Dynamic
expression of a native chondroitin sulfate epitope reveals microhet-
erogeneity of extracellular matrix organization in the embryonic
chick heart. Anat Rec 254:181–195.

Gil-Loyzaga P, Gabrion J, Remezal M, Nguyen-Than-Dao B, Uziel A.
1991. Incorporation of D-[3H]-glucosamine and l-[3H]-fucose into the
developing rat cochlea. Hear Res 57:38–44.

Hozawa K, Wataya H, Takasaka T, Fenderson BA, Hakomori S-I.
1993. Hearing and glycoconjugates: localization of Ley, Lex and
Sialosyl-Lex in guinea pig cochlea, particularly at the tectorial
membrane and sensory epithelia of the organ of Corti. Glycobiology
3:47–55.

Killick R, Richardson GP. 1997. Antibodies to the sulfated, high
molecular mass mouse tectorin stain hair bundles and the olfactory
mucus layer. Hear Res 103:131–141.

Kronester-Frei A. 1978. Ultrastructure of the different zones of the
tectorial membrane. Cell Tissue Res 193:11–23.

Lenoir M, Puel JLP, Pujol R. 1987. Stereocilia and tectorial membrane
development in the rat cochlea. Ant Embryol 175:477–487.

Lim DJ. 1972. Fine morphology of the tectorial membrane: its
relationship to the organ of Corti. Arch Otolaryngol 96:199–215.

Lim DJ. 1986. Functional structure of the organ of Corti: a review.
Hear Res 22:117–146.

Lim DJ, Anniko M. 1985. Developmental morphology of the mouse
inner ear: a scanning electron microscopic observation. Acta Oto-
laryngol Suppl 422:1–69.

Lim DJ, Rueda J. 1990. Distribution of glycoconjugates during cochlea
development: a histochemical study. Acta Otolaryngol 110:224–233.

Lim DJ, Rueda J. 1992. Structural development of the cochlea. In:
Development of auditory and vestibular systems 2. Amsterdam:
Elsevier; p 33–58.

Munyer PD, Schulte BA. 1991. Immunohistochemical identification of
proteoglycans in gelatinous membranes of cat and gerbil inner ear.
Hear Res 52:369–378.

Munyer PD, Schulte BA. 1994. Immunohistochemical localization of
keratan sulfate and chondroitin 4- and 6-sulfate proteoglycans in
subregions of the tectorial and basilar membranes. Hear Res
79:83–93.

Munyer PD, Schulte BA. 1995. Developmental expression of proteogly-
cans in the tectorial and basilar membrane of the gerbil cochlea.
Hear Res 85:85–94.

Remezal M, Gil-Loyzaga P, Mollicone R, Joubert-Caron R, Oriol R.
1993 Histochemical localization of a beta-galactoside-binding lectin
and its binding sites in developing and adult rat cochlea. Dev Brain
Res 73:1–6.

Richardson GP, Russell IJ, Duance VC, Bailey AJ. 1987. Polypeptide
composition of the mammalian tectorial membrane. Hear Res
25:45–60.

Rueda J, Cantos R, Lim DJ. 1996. Tectorial membrane-organ of Corti
relationship during cochlear development. Anat Embryol 194:501–
514.

Santi PA, Anderson CB. 1987. A newly identified surface coat on
cochlear hair cells. Hear Res 27:47–67.

Slepecky NB, Savage JE, Yoo TJ. 1992. Localization of type II, IX and
V collagen in the inner ear. Acta Otolaryngol 112:611–617.

Souter M, Nevill G, Forge A. 1997. Postnatal maturation of the organ
of Corti in gerbils: morphology and physiological responses. J Comp
Neurol 386:635–651.

Sugiyama S, Spicer SS, Munyer PD, Schulte BS. 1992. Ultrastructural
localization and semiquantitative analysis of glycoconjugates in the
tectorial membrane. Hear Res 58:35–46.

Thalmann I, Thallinger G, Crouch IC, Comegys TH, Barrelt N,
Thalmann R. 1987. Composition and supramolecular organization
of the tectorial membrane. Laryngoscope 97:357–367.

Thalmann I, Machiki K, Calabro A, Hascall VC, Thalmann R. 1993.
Uronic acid-containing glycosaminoglycans and keratin sulfate are
present in the tectorial membrane of the inner ear: functional
implications. Arch Biochem Biophys 307:391–396.

Zwislocki JJ, Chamberlain SC, Slepecky NB. 1988. Tectorial mem-
brane. I. Static mechanical properties in vivo. Hear Res 33:207–222.

71TC2 IN THE DEVELOPING TECTORIAL MEMBRANE


	MATERIALS AND METHODS  
	RESULTS  
	Fig. 1. 
	Fig. 2. 
	Fig. 3. 
	Fig. 4. 
	Fig. 5. 
	Fig. 6. 

	DISCUSSION  
	ACKNOWLEDGMENTS  
	LITERATURE CITED  

