
Summary. The OX-2 and GAP-43 glycoproteins are
two proteins involved in neuronal cell-to-cell interaction
and/or growing of dendrites and axons. Therefore, for
the auditory receptor the expression of these proteins
could provide information on the afferent and eff e r e n t
nerve fiber organization. The expression and distribution
of OX-2 and GAP-43 were analyzed during the auditory
receptor development and maturation (from embryonic
day E13 to postnatal day P22). Both glycoproteins were
early recognized in the cochleae of E13 rats. Then, they
slowly but progressively disappeared, being absent when
the animals reached the P22 postnatal day. At E13, a
weak OX-2 expression was restricted to the perikaryon
of the spiral ganglion neurons, while in the same period
a strong GAP-43 immunostaining was found in both the
neuronal perikaryon and the neurites. During the rat
embryonic period (E13 to birth) the expression of both
glycoproteins appeared progressively restricted to the
neurites. During the rat postnatal period (P0 to P22),
OX-2 and GAP-43 exhibited a dissimilar distribution
pattern. The OX-2 glycoprotein appeared in the afferent,
efferent and fibers of the auditory nerve, while the GAP-
43 glycoprotein only appeared in the efferent nerve
fibers. Present data suggest that OX-2 and GAP-43
could act as two complementary glycoproteins during
the development, organization, and maturation of the
cochlear nerve fibers. While both glycoproteins could
participate in axonal growing and orientation, OX-2
could also be involved in a similar process for auditory
dendrites. 
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Introduction

The adult mammalian organ of Corti receives two
kinds of innervation: afferent nerve fibers from spiral
ganglion neurons, and efferent nerve fibers from the

olivocochlear system (Pujol et al., 1986, Wa r r, 1992;
Eybalin, 1993). The afferent nerve fibers originate from
two different types of neurons, bipolar and
pseudomonopolar, of the spiral ganglion of Corti (Pujol
and Lenoir, 1986; Echteler, 1992). The efferent nerve
fibers originate from neurons located at the lateral and
medial olivocochlear complex of the brainstem (Pujol
and Lenoir, 1986; Robertson et al., 1989; Wa r r, 1992;
Eybalin, 1993; Gil-Loyzaga, 1995). Afferent and
efferent innervation peripherally project on sensory hair
cells by specific pathways. While neuronal radial
processes of bipolar neurons reach the basal pole of the
inner hair cells (IHCs), the corresponding spiral
processes of pseudomonopolar neurons innervate the
outer hair cells (OHCs). In addition, efferent fibers from
olivocochlear medial system innervate the OHCs, while
fibers from the olivocochlear lateral system establish
synaptic connection with afferent fibers of the bipolar
neurons (Warr, 1992; Eybalin, 1993). Finally, the spiral
ganglion neurons project their axons to the brainstem,
forming the auditory nerve (Warr, 1992). 

The early development and morphogenetic
maturation of the otic vesicle into two systems,
vestibular and cochlear, have been largely analyzed (see
review in: Pujol and Sans, 1986). Cochlear anlage, as
early as the E13 rat embryonic day, showed an
undifferentiated cochleo-vestibular ganglion, and also an
u n d i fferentiated and multilayer epithelium (Mbiène et
al., 1989). During the embryonic and postnatal period,
the afferent and efferent nerve fibers progressively reach
the cochlear epithelium following a similar, gradual and
polarized base-to-apex innervation process. There is a
similar pattern for several mammalian species, including
man (Lenoir et al., 1980; Pujol and Lavigne-Rebillard,
1985; Gil-Loyzaga et al., 1989; Mbiéne et al., 1989;
Merchán-Pérez et al., 1990, 1993a, 1994).
Electrophysiological studies also confirmed the
functional periods of the auditory receptor (Anggard,
1965; Uziel et al., 1981). 

During cochlear development, the set-up of specific
connections of the auditory receptor depends on several
processes. The processes include: the adhesion of cell-
to-cell or to extracellular matrices (Mbiène et al., 1989;
Vázquez et al., 1994; Gil-Loyzaga, 1997); the synthesis
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of neurofilaments (Romand et al., 1990; Hafidi et al.,
1990, 1993); the effects of both nerve growth factor
(Després et al., 1991) or neurotrophins (Després and
Romand, 1994). All these processes influence axonal
growth (Merchán-Pérez et al., 1993a, Knipper et al.,
1995; Simmons et al., 1996); synaptogenesis (Lenoir et
al., 1980; Gil-Loyzaga and Pujol, 1988); and neuronal
maturation (Hafidi et al., 1990; Woolf et al., 1992).

Therefore, the expression of cell-adhesion
glycoproteins clearly influences the cell-to-cell surface
interactions during mammalian development of the
cochlear and/or vestibular systems (Edelman, 1984;
Thor et al., 1986; Richardson et al., 1987; Mbiène et al.,
1989; Hafidi et al., 1990; Van Lookeren et al., 1990).
Among others, some glycoproteins of the neuronal cell
surface like Thy-1 (anti-Thy-1 called OX-7) (LaRocca
and Wiley, 1988) have been involved in cell recognition
and morphogenesis during early cochlear development
(Richardson et al., 1987; Terkelsen et al., 1989). 

The OX-2 is an immunoglobulin similar to Thy-1
(LaRocca and Wiley, 1988), which has been identified as
being involved in cell-to-cell interactions, neuronal fiber
fasciculation process and/or the development of neuronal
networks (Barclay and Ward, 1982). Thy-1 expression in
mouse embryo cochlea was found in perikaryon and
dendrites (Terkelsen et al., 1989). The OX-2
glycoprotein is also expressed in neuronal cell bodies
and processes during brain development, and could be
involved in neuronal cell-to-cell interactions (Webb and
Barclay, 1984; Williams, 1985), in prenatal (Barclay and
Ward, 1982; Clark et al., 1985; Morris and Beech, 1987)
and postnatal rat cerebellum (Webb and Barclay, 1984).

The growth association protein (also called GAP-43,
B-50, neuromodulin, F1 or pp46) is a calmodulin-
binding phosphoprotein located in growing axons and
growth cones associated with both developing and
regenerating axons (Meiri et al., 1986; Skene et al.,
1986; Benowitz and Routtenberg, 1987; Benowitz et al.,
1987; Gispen et al., 1991). In the central nervous system
of the rat, GAP-43 is located in neuropil-rich brain areas
associated with presynaptic membranes (Sorensen et al.,
1981; Gispen et al., 1991). In vitro studies showed that
GAP-43 protein was restricted to the axons of
developing neurons (Van der Neut et al., 1990; Burry et
al., 1991) and the dendrites (Goslin et al., 1988; DiFiglia
et al., 1990). Moreover, GAP-43 has been previously
involved in specific connective processes of the
developing sensory retina epithelium (Kapfhammer et
al., 1994), the olfactory epithelium (Verhaagen et al.,
1989, 1990; Schwob et al., 1994) and the auditory
receptor (Merchán-Pérez et al., 1993a, Knipper et al.,
1995; Simmons et al., 1996). 

The aim of the present study was to analyze the
complementary expression of both OX-2 and GAP-43
glycoproteins, starting from the early development (E13)
of the rat cochlea until their disappearance at about the
time of the functional maturation (P22) of the auditory
r e c e p t o r. The expression of these glycoproteins during
cochlear development could contribute to a better

knowledge of the highly particular innervation pattern
exhibited by the auditory receptor in adulthood.

Material and methods

Animals 

In this study Long-Evans pigmented rats were used.
The care and experimental use of all animals of this
study were in strict accordance with the animal welfare
guidelines of the Declaration of Helsinki

Cochlear tissue preparation.

Three rats were used for each analyzed stage (E13,
E18, E20, P0, P3, P6, P9, P12, P15, P22). The day of the
positive vaginal plug was considered as embryonic day 0
(E0) and as postnatal day 0 (P0) the day of the birth. 

Embryos: E13 and E18

Under deep general anesthesia (chloral-hydrate
300mg/kg b.w.), pregnant rats were sacrificed, and E13
and E18 embryos were anesthetized with ether, quickly
decapitated, and fixed by immersion in a 2% acetic acid
in 98% ethanol solution. Samples were then dehydrated,
embedded in paraffin, and cut in serial frontal,
horizontal, mid-modiolar, or perpendicular plane to the
mid-modiolar axis, sections of 9 µm thickness

Embryos (E20), postnatal and adulthood

The older embryos (E20), postnatal, and adult rats,
were placed under deep general anesthesia, (chloral-
hydrate 300mg/kg b.w.), the cochleae were rapidly
removed and were quickly fixed in a 2% acetic acid in
98% ethanol solution. All cochleae samples were
postfixed in the same fixative solution for about 72h.
When necessary (from P9 on), the cochleae were
decalcified (during 1 to 3 days) in a saline solution
containing 1% of ascorbic acid (Merchán-Pérez et al.,
1999). The samples were then dehydrated, embedded in
p a r a ffin, and cut in serially mid-modiolar sections of 9
µm thickness. 

Immunocytochemical procedures

Similar immunocytochemical procedures were used
for both OX-2 and GAP-43 antibodies. The sections
were rinsed three times, for 5 min each, in 0.1M
phosphate buffered saline (PBS) at pH 7.33. Pre-
incubation was carried out for 30 min in a PBS solution
containing 30% of horse normal serum. The sections
were then incubated overnight at 4 °C in a solution
containing 1/100 anti-OX-2 (MCA 44, Batch Nº 4682,
Serotec, Oxford), or 1/250 anti-GAP-43 monoclonal
antibodies (Oncogene Science). After three washings (5
min each one) in PBS, the sections were incubated for
1h in biotinylated horse anti-mouse IgG (Ve c t a s t i n ,
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Vector) 1/200 in PBS. Antigen-antibody immunoreaction
was revealed using avidin-biotin-peroxidase method
(Vectastin, Vector) (Merchán-Pérez et al., 1993a,b; Gil-
Loyzaga et al., 1997).

Negative controls were carried out in all diff e r e n t
stages and for both antibodies by omission of the
primary antibody and using the same procedure
described above. 

Results

Present results showed the expression of the two
glycoproteins OX-2 and GAP-43 during cochlear
development. The onset of expression for both
glycoproteins, the following changes during the auditory
receptor maturation, and the late disappearance of
positive immunoreaction are summarized in Table I.

Early expression of OX-2 and GAP-43 in the cochlear
anlage

At embryonic day E13, a columnar undifferentiated
epithelium was the first anlage for the cochlear receptor
(Fig. 1A); showing the cochlear ganglion anlage under it
(Fig. 1A). A respectively weak with anti OX-2 (Fig. 1B)
and strong with anti GAP-43 (Fig. 1C, 1D) positive
immunoreactions appeared within the cochlear ganglion
neurons and their neurites, at the basal coil.

At E18 a horizontal cochlear section (Fig. 2A)
showed a strong OX-2 expression in cochlear ganglion
neurons and their neurites (Fig. 2A-D). The OX-2
expression was mainly found in a peripheral bundle of
the ganglion (Fig. 2A,D, thick arrows) and in the axons
of the auditory nerve (Fig. 2A, arrowheads). A mid-
modiolar section (Fig. 2B,C) showed a similar
immunostaining pattern in different coils (Fig. 2B). At
high magnification, afferent nerve fibers could be seen
penetrating into the undifferentiated epithelium (Fig. 2C,
arrows). Around the periphery of the cochlear ganglion,
a dense net of OX-2 positives fibers was identified (Fig.
2D, thick arrows). A total absence of immunolabelling
was observed in negative control sections (Fig. 2E). 

From E18 on, a dramatic change was observed in

GAP-43 expression within the cochlea. At embryonic
day E18 the GAP-43 immunoreactive fibers were just
found within the most peripheral part of the spiral
ganglion at different plane sections (Fig. 3A-E, arrows).
This distribution pattern is particularly evident in a
perpendicular plane to the modiolar axis sections
covering from the basal coil to the middle one (Fig. 3B).
A mid-modiolar cochlear section showed the
immunoreactive nerve fibers under the undiff e r e n t i a t e d
cochlear epithelium (Fig. 3D). These nerve fibers
slightly penetrated into the undifferentiated epithelium
(Fig. 3E,F, thin arrows), and they remained close to the
access point of it.

At E20, the general morphology of the cochlear
epithelium dramatically changed. The Reissner’s
membrane, the tectorial membrane and the spiral limbus
were evident (Fig. 4A,B). The expression of OX-2
remained in the soma of the spiral ganglion neurons,
a fferent and efferent nerve fibers projecting on the
developing organ of Corti (Fig. 4A), while GAP-43
expression exhibited a distribution more related to
e fferent nerve fibers (Fig. 4B). In a high magnification
of the developing organ of Corti, GAP-43 expression
appeared under the basal pole of IHCs (Fig. 4C, thick
arrows), within the inner spiral bundle and, as well-
defined dots located under the basal pole of OHCs (Fig.
4C, thin arrows). 

Postnatal expression of OX-2 and GAP-43 in the cochlea

At birth (P0), OX-2 (Fig. 4D) and GAP-43 (Fig. 4E)
expression showed a similar distribution pattern to that
seen at  the earl ier  embryonic day E20. At high
magnification, the OX-2 immunostained fibers mainly
projected on IHCs (Fig. 4F, arrowheads), while the
expression of GAP-43 appeared under IHCs (Fig. 4G,
thick arrows), as a dense packed immunostaining, and
under the OHCs (Fig. 4G, thin arrows), as isolated dots.

At postnatal day P3, the OX-2 expression was
observed within the perikaryon of spiral ganglion
neurons, and within the afferent and efferent nerve fibers
projecting to the organ of Corti (Fig. 5A). A very high
GAP-43 expression was observed within the eff e r e n t
nerve fibers under IHCs and OHCs (Fig. 5B). A
panoramic view of the apical coil exhibited a strong
GAP-43 positivity in nerve fibers projecting to the
auditory receptor or in fibers of the auditory nerve (Fig.
5C).

From day P6 on, an important decrease in OX-2
expression in cell bodies of the spiral ganglion neurons
was noted (Fig. 5D). However, a significant OX-2
immunolabelling was observed within the
intraganglionic spiral bundle (Fig. 5D, arrowheads), and
under the IHCs (Fig. 5E, thick arrows), being scarce
under OHCs (Fig. 5E, thin arrows). The GAP-43
expression, at day P6, was considerable within the
intraganglionic spiral bundle and in fibers reaching the
auditory receptor (Fig. 5F, arrowheads). A high
magnification of the same slide shows a strong

85

OX-2 and GAP-43 glycoprotein expression in cochlear innervation

Table 1. Immunocytochemical distribution of anti-OX-2 and anti-GAP-43
in cochlear spiral ganglion and organ of Corti innervation of rats, from
embryonic E13 to postnatal day P22. 

OX-2 GAP 43

Ganglion neuronal perikarya E13 - P3 E13 - E18

Onset of nerve fibers inside the E18 E18
undifferentiated epithelium 

Only efferent immunostained P6 - P12 E18 - P12
fibers in the IGSB

Immunostained fibers under E20-P22 E20-P22
IHCs and OHCs

E: embryonic day; P: postnatal day; IGSB: intraganglionic spiral bundle;
IHCs: inner hair cells; OHCs: outer hair cells.



immunolabelling under IHCs (Fig. 5G, arrowhweads),
and OHCs (Fig. 5G, arrows). 

From day P9 to day P22, the organ of Corti reached
its adult shape (Fig. 6). At day P9, the rat organ of Corti
showed a significant OX-2 expression located under
IHCs, within the inner spiral bundle (Fig. 6A). Some
scarce immunoreactive fibers were found crossing the

C o r t i ’s tunnel, in a similar manner to olivocochlear
medial efferent fibers (Fig. 6A, thin arrows). A very
strong GAP-43 expression was observed at day P9 (Fig.
6B), in the inner spiral bundle, under IHCs and OHCs,
and within some olivocochlear medial efferent fibers
which crossed the Corti’s tunnel (Fig. 6B, thin arrows).

At day P12, OX-2 expression was restricted to the
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Fig. 1. Developing cochlea at embryonic day E13: the embryo head is cut on a frontal plane. The early otocyst shows a columnar epithelium (A, star)
and a neighboring cochlear ganglion anlage (A, asterisk). A weak OX-2 immunoreactivity is observed in the cochlear ganglion anlage at the basal coil
(B , arrows). GAP-43 immunoreactivity stains first afferent neurites (C, D arrows) and cochlear ganglion cell bodies (C, D stars) of the cochlear
ganglion. Scale bars: A, D, 50 µm; B, C, 25 µm.



apical coil (Fig. 6C). A very slight OX-2 expression
appeared around the IHCs (Fig. 6C). Also GAP-43
expression was highly reduced when compared to
previous stages being restricted under and around IHCs
(Fig. 6D). At day P15, the OX-2 expression was very
scarce around IHCs (Fig. 6E). Lastly, at day P22 the
expression of both OX-2 (Fig. 6F) and GAP-43 (Fig.
6G) was irrelevant.

Discussion

Present results have demostrated the transitional
expression of two neural glycoproteins (OX-2 and GAP-
43), that have been involved in neuronal differentiation
and fasciculation. At the earlier stages, day E13, both the
OX-2 and GAP-43 glycoproteins were found within the
cell body and neurites of spiral ganglion neurons. During
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Fig. 2. The OX-2 immunoreactivity in the cochleae of E18 embryonic rat. Horizontal sections (A-D), exhibit a positive OX-2 immunolabelling in efferent
fibers innervation (A, D, thick arrows), and auditory nerve (A, arrowhead). Mid-modiolar sections show the OX-2 immunoreactivity mainly located in the
spiral ganglions at different coils (B, asterisk). The cochlear basal coil (C) shows a strong OX-2 immunolabelling in neuronal cell bodies (C, stars) and
their processes reaching the epithelium (C, arrows). A control section shows a total absence of immunolabelling ( E ). Scale bars: A, B, 100 µm; 
C, 25 µm; D, E, 50 µm.
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Fig. 3. The
cochleae of
embryonic
day E18
show a
strong GAP-
43 immuno-
labelling
efferent fibers
surround the
peripheral
region of the
spiral
ganglion and
the intra-
ganglionic
spiral bundle.
The
distribution
pattern of
these fibers
is observed
in horizontal
(A, C,
arrows),
perpendicular
to the
modiolar axis
(B, arrows),
and mid-
modiolar
sections of
the middle
coil (D-F,
arrows). Also
GAP-43
positive
efferent fibers
innervation
are present
into the
cochlear un-
differentiated
epithelium (E,
F, thin
arrows).
Scale bars:
A, B, 
100 µm; C,
D, 50 µm; E,
F, 25 µm.
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Fig. 4. Mid-
modiolar
sections of basal
coil cochlea at
the embryonic
day E20. OX-2
immunolabelling
is observed in
the perikaryon of
spiral ganglion
neurons (A,
stars) and the
fibers reaching
the auditory
receptor (A,
arrowheads). At
the same
embryonic day,
the GAP-43
immunoreactivity
appears within
the
intraganglionic
spiral bundle (B,
arrow) and the
efferent nerve
fibers reaching
the cochlear
epithelium (B,
arrowheads). At
high
magnification,
the GAP-43
immunoreactive
fibers are
observed under
the basal pole of
inner (I) hair
cells (C, thick
arrows) and
outer (0) hair
cells (C, thin
arrows). At birth
(P0) the OX-2
(D, F) and the
GAP-43 (E, G)
distribution
pattern are
similar to the
previous
developmental
stages (A, C). At
high
magnification,
the OX-2 (F,
arrowheads) and
the GAP-43 (G,
arrows)
immunoreactive
fibers surround
the basal pole of
inner (I) hair
cells. Also, GAP-
43
immunolabelling
is noticed under
the outer (0) hair
cells (G, thin
arrows). Scale
bars: A, B, E, 50
µm; C, F, G, 25
µm.



the embryonic development (E18-E20), the most
peripheral part of growing nerve fibers (filopodes)
expressed both glycoproteins. This fact allowed the
identification of the early arrival of embryonic nerve
fibers to the undifferentiated auditory receptor to be
made. During the postnatal development, the
o rganization of the innervation pattern of the auditory
receptor was identified by OX-2 and GAP-43
expression. At adulthood both glycoproteins finally
disappeared.

The cochlear innervation shows a base-to-apex
pattern of maturation (Pujol and Sans, 1986) that has
now been confirmed by the progressive base-to-apex
expression and disappearance of OX-2 and GAP-43
glycoproteins. Also, another gradient has been pointed
out for afferent to efferent nerve fibers. The aff e r e n t
system starts to mature first, followed a little later by the
e fferent system (Lenoir et al., 1980; Pujol and Sans,
1986). This was also suggested by the analysis of the
sensitivity to glutamate-agonists (Gil-Loyzaga and Pujol,
1990), by the synaptophysin expression (Gil-Loyzaga
and Pujol, 1988; Knipper et al., 1995; Simmons et al.,
1996), by the neurotransmitter expression (Merchán-
Pérez et al., 1990, 1993b, 1994), and by the expression
of neuroactive substances (e.g. CGRP, GABA, or ACh)
(Gil-Loyzaga et al., 1989; Mérchan-Pérez et al., 1990;
1993b, 1994) in auditory nerve fibers and the
electrophysiological maturation (Uziel et al., 1981; Puel
and Uziel, 1987). 

The OX-2 is a cell surface glycoprotein present in
neuronal cell bodies and processes of the developing
brain (Barclay and Ward, 1982; Webb and Barclay,
1984; Williams, 1985; Morris and Beech, 1987). Present
findings also noted the OX-2 expression in the neuronal
cell bodies and afferent dendrites during the embryonic
and early postnatal period. However, during this period
it can not be excluded that the olivocochlear eff e r e n t
fibers also expressed this OX-2 glycoprotein.
C o n v e r s e l y, from P6 on, OX-2 immunoreactivity was
restricted to efferent nerve fibers, following a similar
pattern to that largely reported for the mature
olivocochlear efferent system. These findings could
suggest that OX-2 glycoprotein early appeared on cell
bodies and afferent fibers of spiral ganglion neurons,
even though they could be expressed by efferent nerve
fibers until adulthood. This progression could
correspond to that previously reported as a gradient of
maturation from afferent to efferent auditory nerve fibers
(Lenoir et al., 1980; Pujol and Sans, 1986).

GAP-43 is a calmodulin-binding phosphoprotein
classically found in neuronal growth cones after the

determination of neuronal polarity (Skene et al., 1986,
1989; Benowitz and Routtenberg, 1987). This
glycoprotein is inserted into the cytoplasmic face of the
cell membrane in association with the membrane
cytoskeletal components (Goslin et al., 1988; Burry et
al., 1991; Ohno et al., 1994). It was suggested that GAP-
43 glycoprotein is restricted to axons (Van der Neut et
al., 1990; Burry et al., 1991) and dendrites (Goslin et al.,
1988; DiFiglia et al., 1990) of developing neurons. In the
auditory receptor the GAP-43 expression was found
within efferent projections, specially during postnatal
development (Merchán-Pérez et al., 1993a; Knipper et
al., 1995; Simmons et al., 1996). However, the present
report, which also focused on early GAP-43 expression,
noted this expression in spiral ganglion neurons,
including perikaryon and all neuronal projections, in
particular at the earliest embryonic stages (before E18).
These results fit well with the GAP-43 expression found
in the whole cell body and projections of the developing
neurons of retina and olfactory receptor (Verhaagen et
al., 1989, 1990; Schwob et al., 1994; Kapfhammer et al.,
1994). In developing neurons, GAP-43 has been
involved in nerve fiber outgrowth, synapse formation
and the onset of neurotransmitter release (Dekker et al.,
1989; Kapfhammer et al., 1994), being down-regulated
in the mature nervous system (Kapfhammer et al., 1994).
The expression of OX-2 and GAP-43 in the auditory
receptor (present results), which appeared at the
beginning of the neuronal development of fasciculation,
still remained during the synaptogenesis period (the
onset was identified by synaptophysin expression) (Gil-
Loyzaga and Pujol, 1988; Knipper et al., 1995; Simmons
et al., 1996), and the early expression of neuroactive
substances (e.g., CGRP, GABA, or ACh) (Gil-Loyzaga
et al., 1989; Mérchan-Pérez et al., 1990, 1993b, 1994).
In addition, our results have suggested that in late
embryonic and postnatal stages confined the GAP-43
expression was restricted to efferent fibers. In addition
GAP-43 expression in efferent fibers of the apical coil
was previously reported in late maturation stages (P12)
(Sobkowicz and Slapnick, 1994; Knipper et al., 1995).
L a s t l y, our results confirm that OX-2 and GAP-43
expression markedly declined when the neurons reached
the adult maturation. 

The expression of OX-2 and GAP-43 was found
previously to the myelinization process (Romand and
Romand, 1990; Hafidi et al., 1990; Woolf et al., 1992;
Toesca, 1996). In addition, it has been reported that
GAP-43 immunoreactivity was strictly confined to the
unmyelinated axons (Curtis et al., 1992; Risling et al.,
1994). In the damaged rat retina unmyelinated or lightly
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Fig. 5. At postnatal day P3, OX-2 immunolabelling is noted in cell bodies and nerve fibers of the cochlear ganglion neurons (A, stars). A strong GAP-43
immunolabelling is observed under the inner (I) and outer (O) hair cells along the basal (B) to apical (C) cochlear coils. At postnatal day P6, the OX-2
immunolabelling (D, E) appears within the intraganglionic spiral bundle (D, arrow) and nerve fibers reaching the cochlear epithelium (D, arrowheads). At
high magnification, the OX-2 immunoreactive fibers are present under the basal pole of inner (I) hair cells (E, thick arrows) and outer (0) hair cells (E,
thin arrows). At postnatal day P6, (F, G), GAP-43 immunoreactive nerve fibers are noticed within the intraganglionic spiral bundle (F, arrow) and GAP-
43 nerve fibers (F, arrowheads) reaching the inner (I) hair cells (G, arrowhead) and outer (0) hair cells (G, arrows). Scale bar: 50 µm. I: inner hair cells;
O: outer hair cells; RM: Reissner membrane; TM: tectorial membrane; SV: spiral vessel 
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Fig. 6. In mid-
modiolar sections
a decrease of
OX-2 and GAP-
43
immunolabelling
is observed from
P9 to P22. At
postnatal day P9,
in the middle
cochlear coil, the
OX-2 expression
is present under
inner (I) hair cells
(A, arrowhead)
and some efferent
OX-2-positive
fibers (A, thin
arrows) cross the
tunnel of Corti
reaching the outer
(O) hair cells.
GAP-43 shows a
very strong
immunoreactivity
under inner (I),
and some GAP-
43-positive
efferent fibers (B,
thin arrows) cross
the tunnel of Corti
and reaching the
outer (O) hair
cells (B). At
postnatal day
P12, in the apical
coil, OX-2 (C) and
GAP-43 (D)
immuno-
rreactivities
appear restricted
to the inner (I)
hair cells. At high
magnification of a
medial cochlear
coil section at
postnatal day
P15, the OX-2
shows
immunoreactive
terminals under
inner (I) hair cells
(E, arrows). In the
basal coil of adult
rat cochlea (P22)
a quite negligible
OX-2 (F) and
GAP-43 (G)
immunoreactivity
is observed.
Scale bars: A, B,
E, F, G, 25 µm; C,
D, 50 µm. I: inner
hair cells; O:
outer hair cells;
RM: Reissner
membrane; TC:
tunnel of Corti;
TM: tectorial
membrane; SV:
spiral vessel.



myelinated areas expressed high levels of GAP-43
(Coggeshall et al., 1991; Kapfhammer and Schwab,
1994; Kapfhammer et al., 1994). When the
myelinization process is achieved (Woolf et al., 1992)
the auditory electrophysiological potentials reach their
characteristics and shape (Uziel et al., 1981; Puel and
Uziel, 1987), period which correspond to the final
decline of GAP-43 and OX-2 expression (present
results). 

Even though the function of both OX-2 and GAP-43
glycoproteins during neuronal maturation still remains
unclear (DiFiglia et al., 1990; Curtis et al., 1992;
Kapfhammer et al., 1994). However, these glycoproteins
have been involved in developing neuronal interactions,
nerve fasciculation, axonal growth and neuronal
regeneration (Barclay and Ward, 1982; Webb and
B a r c l a y, 1984; Skene et al., 1986; Meiri et al., 1986;
Morris and Beech, 1987; Benowitz and Routtenberg ,
1987; Benowitz et al., 1987; Skene and Virág, 1989,
Gispen et al., 1991; Burry et al., 1992). 

Our present findings fit well with these reports,
indicating that both molecules are involved in the
axogenesis and/or dendritogenesis until the final neuron
maturation, in the auditory receptor. The onset of OX-2
and GAP-43 glycoproteins clearly correspond to the
beginning of fasciculation. The functional maturation,
the neurotransmitter release and the stabilization of
neuronal connections, could also depend on the
progressive restriction of the OX-2 and GAP-43
expression, which evidently correspond to the inhibition
of the neurite growth. 

Acknowledgements. The authors wish to thank Dr. M.A. Vicente-Torres
and Dr. F. Carricondo (Faculty of Medicine, Complutense University
Madrid, Spain) for helpful comments on the manuscript. We are also
grateful  to David Bruce Doig for  language correction. Also,  T.
Rodriguez, E. Muñoz and I. Alonso for histological assistance. This
study was supported by the PM 99-0054 and FIS 98/0732 and 01/0652
Spanish grants.

References

Anggard L. (1965). An electrophysiological study of the development of
the cochlear function in the rabbit. Acta Otolaryngol. (Stockh) Suppl.
203, 5-64.

Barclay A.N. and Ward H.A. (1982).  Puri f ication and chemical
characterization of membrane glycoprotein with a structure like a
single immunoglobulin light chain. Eur. J. Biochem. 129, 447-458. 

Benowitz L.I. and Routtenberg A. (1987). A membrane phosphoprotein
associated with neural developmen t,  axonal regenerat ion ,
phospholipid metabolism, and synaptic plasticity. Trends Neurosci.
10, 527-532.

Benowitz L.I., Perrone-Bizzozero N.I. and Finklestein S.P. (1987).
Molecular properties of the growth associated protein GAP-43 (B50).
J. Neurochem. 48, 1640-1647.

Burry R.W., Lah J.J. and Hayes D.M. (1991). Redistribution of GAP-43
during growth cone development in vitro: immunocytochemical
studies. J. Neurocytol. 20, 133-144.

Burry R.W., Lah J.J. and Hayes D.M. (1992). GAP-43 distribution is
correlated with development of growth cones and presynaptic
terminals. J. Neurocytol. 21, 413-425.

Clark M.J., Gagnon J., Williams A.F. and Barclay A.N. (1985). MRC OX-
2 antigen; a lymphoid neuronal glycoproetin with a structure like a
single immunoglobulin light chain. EMBO J. 4, 113-118.

Coggeshall R.E., Reynolds M.L. and Woolf C.J. (1991). Distribution of
the growth associated protein GAP-43 in the central processes of
axotomized primary afferents in the adult rat spinal cord; presence
of growth cone-like structures. Neurosci. Lett. 131, 37-41. 

Curtis R., Stewart H.J.S., Hall S.M., Wilkin G.P. and Mirsky R. (1992).
GAP-43 is expressed by nonmyelin-forming Schwann cells of the
peripheral nervous system. J. Cell Biol. 116, 1455-1464.

Dekker L.V., De Graan P.N.E., Oestreicher A.B., Versteeg D.H.G. and
Gispen W.H. (1989).  Inhibit ion of noradrenaline release by
antibodies to B-50 (GAP-43). Nature 342, 74-76.

Després G. and Romand R. (1994). Neurotrophins and the development
of cochlear innervation. Life Sci. 54, 1291-1297.

Després G., Hafidi A. and Romand R. (1991). Immunohistochemical
localization of nerve growth factor receptor in the cochlea and in the
brainstem of the perinatal rat. Hearing Res. 52, 157-165. 

DiFiglia M., Roberts R.C. and Benowitz L.I. (1990). Immunoreactive
GAP-43 in the neuropil of adult rat neostriatum: localization in
unmyelinated fibers, axons terminals, and dendritic spines. J. Comp.
Neurol. 302, 992-1001.

Echteler S.M. (1992). Developmental segregation in the afferent
projections to mammalian auditory hair cells. Proc. Natl. Acad. Sci.
USA 89, 6324-6327.

Edelman G. (1984). Modulation of cell adhesion during induction
histogenesis, and perinatal development of the nervous system.
Annu. Rev. Neurosci. 7, 339-377.

Eybalin M. (1993). Neurotransmitters and neuromodulators of the
mammalian cochlea. Physiol. Rev. 73, 309-373.

Gil-Loyzaga P. (1995). Neurotransmitters of the olivocochlear lateral
efferent system: with an emphasis on dopamine. Acta Otolaryngol.
(Stockh) 115, 222-226.

Gil-Loyzaga P. (1997). Histochemistry of glycoconjugates of the auditory
receptor functional implications. Prog. Histochem. Cytochem. 32, 5-
80.

Gil-Loyzaga P. and Pujol R. (1988). Synaptophysin in the developing
cochlea. Int. J. Dev. Neurosci. 6, 155-160.

Gil-Loyzaga P. and Pujol R. (1990). Neurotoxicity of kainic acid in rat
cochlea during ear ly developmental stages. Eur. Arch.
Otorhinolaryngol. 248, 40-48.

Gil-Loyzaga P., Pujol R., Mollicone R., Dalix A.M. and Oriol R. (1989).
Appearence of B and H blood group antigens in the developing
cochlear hair cells. Cell Tissue Res. 257, 17-21.

Gil-Loyzaga P., Bartolomé M.V. and Vicente-Torres M.A. (1997).
Serotonergic innervation of the organ of Corti of the cat cochlea.
NeuroReport 8, 3519-3522.

Gipsen W.H., Nielander H.B., De Graan P.N.E., Oestreicher A.B.,
Schrama L.H. and Schotman P. (1991). Role of the growth-
associated protein B-50/GAP-43 in neuronal plasticity.  Mol.
Neurobiol. 5, 61-85.

Goslin K.,  Schreyer D.J. , Skene J.H.P. and Banker G. (1988).
Development of neuronal polarity: GAP-43 distinguishes axonal from
dendritic growth cones. Nature 336, 672- 674.

Hafidi A., Després G. and Romand R. (1990). Cochlear innervation in
the developing rat. An immunohistochemical study of neurofilament

93

OX-2 and GAP-43 glycoprotein expression in cochlear innervation



and spectrin proteins. J. Comp. Neurol. 300, 153-161.
Hafidi A., Després G. and Romand R. (1993). Ontogenesis of the type II

spiral  ganglion neurons dur ing development:  per iphe rin
immunohistochemistry. Int. J. Dev. Neurosci. 11, 507-512.

Kapfhammer J.P. and Schwab M.E. (1994). Inverse patterns of
myelination and GAP-43 expression in the adult CNS: neurite
growth inhibitors as regulators of neuronal plasticity? J. Comp.
Neurol. 340, 194-206.

Kapfhammer J.P., Christ F. and Schwab M.E. (1994). The expression of
GAP-43 and synaptophysin in the developing rat retina. Dev. Brain
Res. 80, 251-260.

Knipper M., Zimmermann U., Rohbock K., Köpschall I. and Zenner H.P.
(1995). Synaptophysin and GAP-43 proteins in efferent fibers of the
inner ear during postnatal development. Dev. Brain Res. 89, 73-86.

LaRocca C.D. and Wiley R.G. (1988). Monoclonal anti-Thy 1 antibody
(OX7) is axonally transported in rat nervous system. Brain Res. 449,
381-385.

Lenoir M., Shnerson A. and Pujol R. (1980). Cochlear receptor
development in the rat with emphasis on synaptogenesis. Anat.
Embryol. 160, 253-262.

Mbiène J.P., Dechesne C.J., Schachner M. and Sans A. (1989).
Immunocytological  characterization of the expression of cell
adhesion molecule L 1 during early innervation of mouse otocysts.
Cell Tissue Res. 255, 81-88.

Meiri K.F., Pfenninger K.H. and Willard M.B. (1986). Growth-associated
protein, GAP-43, a polypeptide that is induced when neurons extend
axons, is a component of growth cones and corresponds to pp46, a
major polypeptide of a subcellular fraction enriched in growth cones.
Proc. Natl. Acad. Sci. USA 83, 3537-3541. 

Merchán-Pérez A.,  Gil -Loyzaga P. and Eybal in M. (1990).
Immunocytochemical detection of calcitonin gene-related peptide in
the postnatal developing rat cochlea. Int. J. Dev. Neurosci. 8, 603-
612.

Merchán-Pérez A., Bartolomé M.V., Ibáñez M.A. and Gil-Loyzaga P.
(1993a). Expression of GAP-43 in growing efferent fibers during
cochlear development. J. Oto-Rhino-Laryngol 55, 208-210.

Merchán-Pérez A., Gil-Loyzaga P., López-Sánchez J., Eybalin M. and
Valderrama F.J . (1993b). Ontogeny of γ-aminobutyric acid in
efferent fibers to the rat cochlea. Dev. Brain Res. 76, 33-41. 

Merchán-Pérez A., Gil-Loyzaga P., Eybalin M., Fernandez-Mateos P.
and Bartolomé M.V. (1994). Chol ine acetylt ransferase- like
immunoreactivity in the organ of Corti of the rat during postnatal
development. Dev. Brain Res. 82, 29-34. 

Merchán-Pérez A., Gil-Loyzaga P., Bartolomé M.V., Remezal M.,
Fernández P. and Rodriguez T. (1999). Decalcification by ascorbic
acid for immuno- and affinohistochemical techniques on the inner
ear. Histochem. Cell Biol. 112, 125-130.

Morris R.J. and Beech J.N. (1987). Sequential expression of OX-2 and
Thy-1 glycoproteins on the neuronal surface during development.
Dev. Neurosci. 9, 33-44. 

Ohno K., Takeda N., Kubo T. and Kiyama H. (1994). Up-regulation of
GAP-43 (B50/F1) gene expression in vestibular efferent neurons
following labyrinthectomy in the rat: in situ hybridization using an
alkaline phosphatase-labeled probe. Hearing Res. 80, 123-127.

Puel J.L. and Uziel A. (1987). Correlative development of cochlear
action potential sensitivity, latency and frequency selectivity. Dev.
Brain Res. 37, 179-188.

Pujol R. and Lavigne-Rebillard M. (1985). Early stages of innervation
and sensory cell differentiation in the human fetal organ of Corti.

Acta Otolaryngol. (Stockh). Suppl. 423, 43-50.
Pujol R. and Lenoir M. (1986). The four types of synapses in the organ

of corti. In: Neurobiology of hearing of the cochlea. Altschuler R.A.,
Hoffman D.W. and Bobbin R.P. (eds). Ravin Press. NY. pp 161-172. 

Pujol R. and Sans A. (1986). Synaptogenesis in the mammalian inner
ear. In: Advances in neural and behavioral development. Vol 2. Aslin
R.N. (ed). Ablex Publishing Corporation Norwood. New Jersey. pp 1-
18.

Pujol R., Lenoir M. and Eybalin M. (1986). Synaptology of the cochlea:
dif ferent types of  synapse, putative neurotransmitters and
physiopathological implications. Salvi R.J. and Colletti V. (eds).
Plenum Publishing Corporation. pp 43-53.

Richardson G.P., Crossin K.L., Chuong C.M. and Edelman G.M. (1987).
Expression of cell adhesion molecules during embryonic induction.
III Development of the otic placode. Dev. Biol. 119, 217-230.

Risling M., Dalsgaard C.J., Frisen J., Sjögren A.M. and Fried K. (1994).
Substance P, calcitonin gene-related peptide, growth-associated
protein-43, neurotrophin receptor-like immunoreactivity associated
with unmyelinated axons in feline ventral roots and pia mater. J.
Comp. Neurol. 339, 365-386.

Robertson D., Harvey A.R . and Cole K.S. (1989).  Postnatal
development of the efferent innervation of the rat cochlea. Dev.
Brain Res. 47, 197-207.

Romand M.R. and Romand R. (1990). Development of spiral ganglion
cells in mammalian cochlea. J. Electr. Mycrosc. Tech. 15, 144-154.

Romand R., Sobkowicz H., Emmerling M., Whilton D. and Dahl D.
(1990). Patterns of neurofilament stain in the spiral ganglion of the
developing and adult mouse. Hearing Res. 49, 119-126.

Schwob J.E., Youngentob S.L. and Meiri K.F. (1994). On the formation
of neuromata in the primary olfactory projection. J. Comp. Neurol.
340, 361-380.

Simmons D.D., Moulding H.D. and Zee D. (1996). Olivocochlear
innervation of inner and outer hair cells during postnatal maturation:
an immunocytochemical study. Dev. Brain Res. 95, 213-226.

Skene J.H.P. and Virág I . (1989).  Posttranslational membrane
attachment and dynamic fatty acylation of a neuronal growth cone
protein, GAP-43. J. Cell Biol. 108, 613-624.

Skene J.H.P., Jacobson R.D., Snipes G.J., McGuire C.B., Norden J.J.
and Freeman J.A. (1986). A protein induced during nerve growth
(GAP-43) is a major component of growth-cone membranes.
Science 233, 783-786. 

Sobkowicz H.M. and Slapnick S.M. (1994) The efferent interconnecting
auditory inner hair cells. Hearing Res. 75, 81-92.

Sorensen R.G., Kleine L.P. and Mahler H.E. (1981). Presynaptic
localization of phosphoprotein B-50. Brain Res. Bull. 7, 57-61.

Terkelsen O.B.F., Bock E. and Mollgard K. (1989). NCAM and Thy-1 in
special sense organs of the developing mouse. Anat. Embryol. 179,
311-318.

Thor G.,  Pollerberg E.G. and Schachner M. (1986). Molecular
association of two neural cell adhesion molecules, L1 antigen and
the 180kd component of N-CAM, within the surface membrane of
cultured neuroblastoma cells. Neurosci. Lett. 66, 121-126.

Toesca A. (1996). Central and peripheral myelin in the rat cochlear and
vestibular nerves. Neurosci. Lett. 221, 21-24.

Uziel A., Romand R. and Marot M. (1981). Development of the cochlear
potentials in rats. Audiology 20, 89-100.

Van der Neut R., Osetreicher A.B., Gispen W.H. and Bar P.R. (1990).
The expression of B-50/GAP-43 during development of rat spinal
neurons in culture is regulated by interneuronal contact. Neurosci.

94

OX-2 and GAP-43 glycoprotein expression in cochlear innervation



Lett. 109, 36-41.
Van Lookeren-Campagne M., Oestreicher A.B., Van Bergen En

Henegouwen P.M.P. and Gispen W.H. (1990). Ultrastructural double
localization of B-50/GAP43 and synaptophysin (p38) in the neonatal
and adult rat hippocampus. J. Neurocytol. 19, 948-961.

Vázquez E., Van De Water T.R., Del Valle M., Vega J.A., Staecker H.,
Giráldez F. and Represa J. (1994). Pattern of the trkB protein-like
immunoreact ivity in vivo and in vi tro effects of brain-derived
neurotrophic factor (BDNF) on developing cochlear and vestibular.
Anat. Embryol. 189, 157-167. 

Verhaagen J., Oestreicher A.B., Gispen W.H. and Margolis F.L. (1989).
The expression of the growth associated protein B50/GAP43 in the
olfactory system of neonatal and adult rats. J. Neurosci. 9, 683-691.

Verhaagen J., Greer C.A. and Margolis F.L. (1990). B50/GAP43 gene
expression in the rat olfactory system during postnatal development

and aging. Eur. J. Neurosci. 2, 397-407
Warr W.B. (1992). Organization of olivocochlear efferent system in

mammals. In: The mammaliam auditory patwhay: neuroanatomy.
Webster D.B., Popper R.R. and Fay R.R. (eds). Springer Handbook
of Auditory Research. Vol 1. Springer. NY. pp 410-448.

Webb M. and Barclay A.N. (1984). Localization of the MRC OX-2
glycoprotein on the surfaces of neurones. J. Neurochem. 43, 1061-
1067.

Williams A.F. (1985). Immunoglobulin-related domains for cell surface
recognition. Nature 314, 579-580.

Woolf N.K., Koehm F.J. and Ryan A.F. (1992). Immunohistochemical
localization of fibronect in-like protein in the inner ear of the
developing gerbil and rat. Dev. Brain Res. 65, 21-33.

Accepted September 4, 2001

95

OX-2 and GAP-43 glycoprotein expression in cochlear innervation


