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Abstract

Growth factors, such as vascular endothelial growth factor (VEGF) and neurotrophins, recently identified in the inner
ear of guinea pigs, exert their proliferative properties partly through activation of mitogen-activated protein kinase/
extracellular signal-regulated kinase (MAPK/ERK1/2). In order to demonstrate presence of ERK1/2 in the inner ear we
performed immunohistochemical analysis using specific antibodies to inactive and activated ERK1/2 on paraffin-
sections of temporal bones from guinea pigs (n =5). In the cochlea clear immunoreactivity to inactive ERK1/2 was
predominant in the spiral ligament, in the organ of Corti (intensive staining in supporting cells, faint staining in sensory
cells) and limbus epithelium, while spiral ganglion cells and nerve fibres revealed weak staining. Activated ERK1/2 could
be detected sparely in the spiral ligament exclusively. In the vestibule inactive ERK1/2 was located in the sensory
epithelium, in nerve fibres and in vascular endothelium, while activated ERK1/2 could be detected in few nerve fibres
and synaptic endings (buttons and calyces) on hair cells of the maculae and crests and in the endothelium of few blood
vessels. These findings provide evidence that activated ERK1/2, as a general downstream signal of growth factors, may

be contributed in the inner ear physiology. © 2000 Elsevier Science Ireland Ltd. All rights reserved.
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Diverse growth factors, such as vascular endothelial
growth factor (VEGF) [4] and neurotrophins including
their receptors [2,7,10], have been identified in the guinea
pig inner ear recently. The mitogenic effects of growth
factors are partly mediated through activation of mitogen-
activated protein kinase (MAPK)/extracellular signal-regu-
lated kinase (ERK1/2) [9,15,16]. Up to now, reports
concerning MAPK/ERK1/2 as a part of a downstream
signalling pathway of VEGF or neurotrophins in the inner
ear are not available yet.

Three-month-old female guinea pigs (n=135) were
anesthesized with pentobarbital and sacrificed via cervical
dislocation. Fixation was obtained by cardiac perfusion with
fixative (4% paraformaldehyde, buffered at pH 7.4) after
flushing out the blood cells with phosphate-buffered saline
(PBS) (0.1 M at pH 7.4). Both temporal bones of each
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animal were removed, the bulla opened and immersed in
the same fixative for 12 h. Decalcification was performed
with ethylenediaminetetra-acetic acid (EDTA) solution
10%, buffered with Tris at pH 7.0 over 7 days. The tissue
was embedded in paraffin for immunohistochemical analy-
sis and sectioned with a microtome (Microm HM 360) in
slices of 8 wm thickness. After removal of paraffin with
ethanol and xylene, the sections were incubated over night
at 4°C separately with a commercial antibody (Ab) to acti-
vated (diphosphorylated) ERK1/2 (Sigma, monoclonal anti-
MAP kinase, clone MAPK-YT mouse ascites fluid M8159,
diluted at 1:400). For detection of inactive ERK1/2 a speci-
fic Ab bought from Upstate Biotechnology (rabbit immu-
noaffinity purified IgG #06-182, lot #18597, diluted at
1:400) was used. Negative controls were obtained by omit-
ting the primary antibodies. After rinsing with Triton-PBS
0.1% and normal-goat-serum, a biotinylated goat anti-
rabbit, or anti-mouse Ab respectively, (1:400/Dako) was
used for accentuation. Processing was performed by
means of streptavidin-biotinylated horseradish-peroxidase
complex (1:100/Amersham) using nickel enhanced DAB
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staining, with subsequent analysis and photography of the was found widely distributed in vestibulocochlear structures
sections under a Zeiss Axiophot light-microscope. and could be found all specimens. Strongest immunostain-
ERKI1/2 (inactive)-immunostaining: Inactive ERK1/2 ing could be detected in the spiral ligament, in the limbus, in

Fig. 1. (a) Anti-(inactive)ERK1/2-immunostaining, 8 um paraffin section, 10x: strong immunoreactivity can be noted in the epithelium of
the limbus (L), in supporting cells of the organ of Corti (Co) and in the ligamentum spirale. Weak labelling is found in the sensory cells
(inner and outer hair cells) and perikarya of the spiral ganglion (SpG). (a*) Activated ERK1/2 in the cochlea was exclusively found sparely
in the ligamentum spirale (square) possibly belonging to endothelial cells. The dark spots in the stria vascularis (arrowhead) is caused
by natural accumulation of pigment and can be found also in unprocessed sections. (b) Anti-(inactive)ERK1/2-immunostaining, 100x:
immuno-labelling is present in nerve fibres (arrowheads), wall of blood vessels and in nerve endings. Within the sensory epithelium
clear staining is displayed in supporting cells, calyces (Cal) and nerve endings are clear labelled, vestibular hair cells (VHC) are
displaying faint staining. (c) Anti-(activated)ERK1/2, 100X, the corresponding region to (b), the basis of a crest is shown. Clear immu-
noreactivity can be stated in the synaptic calyces (arrowhead points at corresponding nerve fibre) of some type | hair cells. (d,e) Anti-
(activated)ERK1/2, 100x%, positive staining is occasionally found in nerve fibres and synaptic buttons (arrowheads) on hair cells of the
maculae (d) and in some endothelial cells of subepithelial vessels in the vestibule (c-capillary) (e).
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sensory epithelia (Organ of Corti, maculae and cupulae), in
nerve fibres and in endothelial cells (Fig. 1a,b). Only faint
staining was found in vestibular and spiral ganglion cells.
The stria vascularis showed beside a natural accumulation
of pigment no specific immuno-labelling. Within the organ
of Corti, inner and outer hair cells showed faint staining,
while supporting cells as cells of Deiter, inner and outer
pillar cells revealed clear staining (Fig. 1a). In the maculae
and cristae strongest labelling became evident in supporting
cells and in calyces, while vestibular hair cells showed
weaker staining (Fig. 1b). Furthermore, endothelium of
blood vessels of the whole temporal bone including the
modiolus, lateral wall and the vestibule revealed clear stain-
ing ERK1/2 (activated)-immunostaining. In the cochlea
activated ERK1/2 was found exclusively in the spiral liga-
ments of basal and middle turns (three of five cochleae),
possibly belonging to vascular epithelium (Fig. 1a*).

In the vestibule sensory epithelium activated ERK1/2
could be found regularly in a few calyces around vestibular
hair cells (Fig. 1c) and in few nerve fibres, including their
synaptic endings (buttons) (Fig. 1d). Furthermore, vascular
endothelium was found labelled occasionally (Fig. le). Peri-
karya remained unstained.

This study provides immunohistochemical evidence that
inactivated ERK1/2 is expressed in almost all important
structures of the adult guinea pig inner ear. Under normal
conditions only a few percent of ERK1/2 is present in the
activated form, suggesting a possible role for vestibular
physiology. ERK1/2 is an essential component of the neuro-
trophin/trk-receptor pathway [9] and an alternative down-
stream signal pathway for VEGF [16], which has been
described to be involved in the nitric oxide/cyclic guanosine
monophosphate (cGMP) pathway [1,5,11]. Presence of
neurotrophins and trk [2,7,10], as well as VEGF and
VEGF-receptors [4] in the inner ear has been demonstrated
recently. The detection of ERK1/2 rises evidence for a
general downstream signal pathway for neurotrophins and
VEGF, which may mediate neurotrophic and neuroprotec-
tive activity, stimulation of axonal outgrowth and enhance-
ment of cell survival and proliferation in the peripheral
nervous system [12,13] as well as regulation of ion channels
[14] in the inner ear. Furthermore, it has been shown
recently that also nitric oxide (NO) and cGMP — meanwhile
all compounds of the NO/cGMP pathway have been
detected in the inner ear [3,6] — are contributed to VEGF-
dependent ERK1/2 activation [8].

The financial support of the Jean-Uhrmacher-Stiftung and
of the Heinrich Hertz-Stiftung (Grant B 42 No. 41/99) is
appreciated gratefully.

[1] Feng, Y., Venema, V.J.,Venema, R.C., Tsai, N. and Caldwell,
R.B., VEGF induces nuclear translocation of Flk-1/KDR,
endothelial nitric oxide synthase, and caveolin-1in vascular
endothelial cells, Biochem. Biophys. Res. Commun., 256
(1999) 192-197.

[2] Gestwa, G., Wiechers, B., Zimmermann, U., Praetorius, M.,

[3

(4

[5

(6

[7

[8

[9

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Rohbock, K., Kopschall, I., Zenner, H.P. and Knipper, M.,
Differential expression of trkB.T1 and trkB.T2, truncated
trkC, and p75(NGFR) in the cochlea prior to hearing func-
tion, J. Comp. Neurol., 414 (1999) 33-49.

Hess, A., Bloch, W., Su, J., Stennert, E., Addicks, K. and
Michel, O., Localisation of the NO/cGMP-pathway in the
vestibular system of guinea pigs, Neurosci. Lett., 251
(1998) 185-188.

Hess, A., Bloch, W., Wittekindt, C., Siodlacek, J., Addicks, K.
and Michel, O., Immunohistochemical detection of vascular
endothelial growth factor (VEGF) and VEGF-receptors Flt-1
and KDR/FIk-1 in the vestibule of guinea pigs, Neurosci.
Lett., 280 (2000) 147-150.

Kroll, J. and Waltenberger, J., VEGF-A induces expression
of eNOS and iNOS in endothelial cells via VEGF receptor-2
(KDR), Biochem. Biophys. Res. Commun., 252 (1998) 743-
746.

Michel, O., Hess, A., Bloch, W., Stennert, E., Su, J. and
Addicks, K., Localization of the NO/cGMP-pathway in the
cochlea of guinea pigs, Hear. Res., 133 (1999) 1-9.
Oestreicher, E., Knipper, M., Arnold, A., Zenner, H.P. and
Felix, D., Neurotrophin 3 potentiates glutamatergic
responses of IHC afferents in the cochlea in vivo, Eur. J.
Neurosci., 12 (2000) 1584-1590.

Parenti, A., Morbidelli, L., Cui, X.L., Douglas, J.G., Hood,
J.D., Granger, H.J., Ledda, F. and Ziche, M., Nitric oxide is
an upstream signal of vascular endothelial growth factor-
induced extracellular signal-regulated kinase1/2 activation
in postcapillary endothelium, J. Biol. Chem., 273 (1998)
4220-4226.

Pierce, R.C., Pierce-Bancroft, A.F. and Prasad, B.M., Neuro-
trophin-3 contributes to the initiation of behavioral sensiti-
zation to cocaine by activating the Ras/Mitogen-activated
protein kinase signal transduction cascade, J. Neurosci.,
19 (1999) 8685-8695.

Pirvola, U., Hallbook, F., Xing-Qun, L., Virkkala, J., Saarma,
M. and Ylikoski, J., Expression of neurotrophins and Trk
receptors in the developing, adult, and regenerating avian
cochlea, J. Neurobiol., 33 (1997) 1019-1033.

Shen, B.Q., Lee, D.Y. and Zioncheck, T.F., Vascular endothe-
lial growth factor governs endothelial nitric-oxide synthase
expression via KDR/FIk-1 receptor and a protein kinase C
signaling pathway, J. Biol. Chem., 274 (1999) 33057-33063.
Singh, M., Sétalé, G., Guan, X., Frail, D.E. and Toran-Aller-
and, C.D., Estrogen-induced activation of the mitogen-acti-
vated protein kinase cascade in the cerebral cortex of
estrogen receptor- knock-out mice, J. Neurosci., 20 (2000)
1694-1700.

Sondell, M., Lundborg, G. and Kanje, M., Vascular endothe-
lial growth factor has neurotrophic activity and stimulates
axonal outgrowth, enhancing cell survival and Schwann
cell proliferation in the peripheral nervous system, J.
Neurosci., 19 (1999) 5731-5740.

Snabaitis, A.K., Yokoyama, H. and Avkiran, M., Roles of
mitogen-activated Kinases and protein kinase C in ala-
adrenoceptor-mediated stimulation of the sarcolemmal
Na*-H" exchanger, Circ. Res., 86 (2000) 214-220.

Yu, Y. and Sato, J.D., MAP kinases, phosphatidylinositol 3-
kinase, and p70 S6 kinase mediate the mitogenic response
of human endothelial cells to vascular endothelial growth
factor, J. Cell Physiol., 178 (1999) 235-246.

Wu, L.W., Mayo, L.D., Dunbar, J.D., Kessler, K.M., Baewald,
M.R., Jaffe, E.A., Wang, D., Warren, R.S. and Donner, D.B.,
Utilization of distinct signaling pathways by receptors for
vascular endothelial growth factor and other mitogens in
the induction of endothelial cell proliferation, J. Biol.
Chem., 275 (2000) 5096-5103.



