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Protein phosphorylation in the organ of Corti: Differential regulation
by second messengers between base and apex
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Major aspects of cellular physiology are regulated by the phosphorylation state of proteins through the action of protein kinases and protein
phosphatases. Phosphorylation of proteins by endogenous protein kinase activity was assayed in homogenates from guinea pig inner ear tissues
with [y-32P] ATP. Phosphoproteins showed distinct distributions in organ of Corti, lateral wall and spiral ganglion. In the organ of Corti, several
protein kinase activities were distinguished by their activation by appropriate agonists: protein kinase C, calmodulin-dependent protein kinases
and cyclic nucleotide-dependent protein kinases. Twelve putative substrates for these kinases were identified in organ of Corti on the basis of
increased 32P-incorporation with addition of lipids, calmodulin, and cyclic nucleotides, respectively. In addition, differences in phosphorylation
were observed between the base and apex of the organ of Corti. *P-incorporation into proteins of molecular weights between 45 and 100 kDa
was significantly higher in apical tissue than in tissue from the base. In contrast, phosphate incorporation into proteins of around 29 kDa was
much lower in apical tissues than in basal tissues. Furthermore, labeling of both the high and low molecular weight proteins from the apex but
not the base markedly increased in response to calcium. These data indicate the presence of differential modes of regulation that may underlie
structural and functional gradients along the sensory epithelium.
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Introduction

A wide variety of extracellular and intracellular sig-
nals induce changes in cellular physiology by regulating
the phosphorylation state of proteins through the ac-
tion of protein kinases and protein phosphatases. Many
cellular responses that involve calcium are regulated by
protein phosphorylation, including glucose metabolism
(Sutherland, 1972), cell motility (Adelstein and Eisen-
berg, 1980), ion channel conductance (Levitan, 1988)
and neurotransmitter release (Nestler and Greengard,
1984). Calcium may act on these protein phosphoryla-
tion systems either directly by allosteric activation of
enzymes or indirectly through. calcium-binding regula-
tory proteins like calmodulin (Campbell, 1983; Cohen
and Klee, 1988). In addition, cyclic nucleotides (cyclic
AMP and cyclic GMP) and lipids (such as diacylglyc-
erol) regulate other distinct classes of protein kinases
(Nairn et al., 1985).

Several observations lead to the hypothesis that
calcium-dependent protein phosphorylation plays im-
portant roles in inner ear function. The abundance of
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actin within stereocilia and cuticular plate of hair cells
suggests the presence of actomyosin or actomyosin-like
motility systems (Flock, 1980; Flock et al., 1981). In
such motile systems, the initiation and rates of the
energy releasing reaction, ATP hydrolysis, are regu-
lated through protein phosphorylation and dephospho-
rylation by a system of enzymes which includes the
calcium /calmodulin-dependent myosin light chain ki-
nase, a cyclic AMP-dependent kinase and at least one
protein phosphatase (Cohen and Klee, 1988; Cohen,
1989). Calmodulin has been localized in hair cells
(Slepecky, 1985; Shepherd et al., 1989) and a myosin
light chain kinase activity has been identified in whole
organ of Corti preparations (Sziklai et al., 1986).
Calmodulin antagonists block adaptation in bull frog
vestibular hair cells (Corey et al. 1987) and calcium-de-
pendent ‘slow motility’ in guinea pig outer hair cells
(Dulon et al., 1990). These data suggest a role for
calcium /calmodulin-dependent protein phosphoryla-
tion in these processes.

Another suggestive link of cochlear function to pro-
tein phosphorylation is the presence of a muscarinic
acetylcholine receptor coupled to phosphatidylinositol
(4,5)-bisphosphate (PtdInsP,) hydrolysis recently char-
acterized in mammalian cochlea (Guiramand et al.,
1990) and localized to the organ of Corti (Niedzielski
and Schacht, 1991). Although the effects of PtdInsP,
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hydrolysis have not been investigated in the inner ear,
in other well characterized systems the products of this
phospholipase C-mediated hydrolysis, diacylglycerol
and inositol 1,4,5-trisphosphate activate protein kinase
C (Nishizuka, 1989) and mobilize intracellular calcium
stores (Berridge, 1989), respectively. Thus, it is possible
that protein kinase C and calcium /calmodulin-depen-
dent protein kinases in the organ of Corti may be
activated by the efferent neurotransmitter.

To date, no experiments have been reported on the
regulation of cochlear protein phosphorylation. We
have previously studied regulatory mechanisms of the
inner ear which involve participation of both lipids and
proteins with particular emphasis on the role of phos-
pholipid hydrolysis in initiating calcium-mediated sig-
naling pathways (Anniko et al., 1981; Anniko and
Schacht, 1981; Kilian and Schacht, 1977, 1979; Schacht
1982, 1985; Schacht and Zenner 1987; Wang and
Schacht, 1990). We have now extended these investiga-
tions to studies of protein phosphorylation and its
control by second messenger systems including cal-
cium, calmodulin, lipids and cyclic nucleotides. In this
first communication, we identify putative substrates of
protein kinases belonging to the families of protein
kinases C, calmodulin-dependent protein kinases and
cyclic nucleotide-dependent protein kinases. Addition-
ally, we provide evidence for differential regulation of
calcium-dependent protein phosphorylation between
the base and apex of the organ of Corti. Parts of this
work have been presented in preliminary form (Coling
and Schacht, 1989, 1990).

Methods

Tissues from pigmented guinea pigs (250 - 400 g)
were dissected in Hanks’ Balanced Salt Solution
(Gibco, Gaithersburg, MD) with 10 mM sodium N-2-
Hydroxyethylpiperazine-N '-2-ethanesulfonic acid (HE-
PES), pH 7.4. Osmolarity was adjusted to 300+ 1
mOsm with NaCl. Prior to use, the solution was gassed
with 95% O,, 5% CO, for 30 min and the pH was
readjusted to 7.4

After removing the bony capsule of the cochlea,
inner ear tissue was divided into three components:
‘lateral wall tissue,” consisting of spiral ligament and
stria vascularis; ‘organ of Corti,” including tectorial and
basilar membranes, hair cells and supporting cells and
bounded by Claudius’ cells on the outer periphery, and
spiral limbus cells on the inner periphery; and ‘spiral
ganglion,” consisting of the modiolus, ganglion cell bod-
ies and the nerve fiber core. Although care was taken
to harvest ‘organ of Corti’ tissue completely, in some
cases, loss of Hensen’s cells and some outer hair cells
in the hook region and the first one third turn from the
base could not be avoided.

After dissection, the tissue was washed and soni-
cated in homogenization buffer (10 mM sodium
HEPES, pH 7.4, 10 mM MgCl,, 0.2 mM ethylenegly-
col-bis-( B-aminoethyl ether) N,N,N’ N '-tetra-acetic
acid (EGTA) with 200 M phenylmethylsulfonylfluo-
ride, 2 uM pepstatin A, and 2 uM leupeptin as pro-
tease inhibitors [Sigma, St. Louis, MOJ]). Proteins were
labeled in an endogenous kinase assay with 10 to 20 ug
total protein in homogenization buffer and additions of
calcium, calmodulin (from bovine brain, Sigma), cyclic
nucleotides or lipids as indicated in the figure legends.
Labeling was initiated by adding 7.5 uM [y-*PJATP
(Amersham, Arlington Heights, IL; spec. activity 1.06
fBq,/mol). Reactions were allowed to proceed for 1.5
to 15 min at 37°C and then stopped by addition of
62.5 mM Tris-HCI, pH 6.8, 2% sodium dodecyl sulfate,
10% glycerol, 5% 2-mercaptoethanol, 0.003% bro-
mophenol blue (final concentrations) and boiling for 3
min.

Proteins were separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) on 3
to 20% acrylamide gradient gels (Laemmli, 1970).
Molecular weight was estimated from protein stan-
dards by second order polynomial regression. Phospho-
proteins were visualized by autoradiography and incor-
poration of **P was determined by liquid scintillation
counting of bands cut from dried gels. Changes in
32 p_incorporation resulting from the addition of kinase
activators are compared to controls (no addition) run
in the same assays and reported as the mean (N = 5-7)
percent of control + standard error. Only those pro-
teins showing a statistically significant change (P < 0.05,
paired i-test) are considered putative substrates for
specific protein kinases with the exception of a 50 kDa
triplet (see Results).

Results

Rates of protein phosphorylation in response to calcium
and calmodulin are relatively high in the organ of Corti

Preliminary time course experiments in organ of
Corti indicated that a 15 min incubation period pro-
vided sufficient time for clearly detectable labeling of
15 to 20 phosphoproteins in a typical experiment.
Phosphate incorporation in most of these proteins was
still increasing after 15 min. Thus, addition of an agent
that stimulates their kinases resulted in increased in-
corporation of **P (Fig. 1, bottom, compare lanes ‘ —’
to “+ for assays + calcium). As an exception, phospho-
rylation of three proteins in the region of 23 to 29 kDa
reached a plateau within 1 min in the absence of
kinase activators.

Next, we compared rates of protein phosphorylation
of cochlear and other tissues and surveyed the pres-
ence of calcium-dependent kinases. Homogenates from
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Fig. 1. Protein staining and protein phosphorylation in the organ of
Corti. Homogenates from seven tissues, organ of Corti (OC), lateral
wall (LW), spiral ganglion (SG), heart (H), temporal cortex of brain
(B), liver (L) and kidney (K) were labeled for 15 min with [y-**PJATP
as described in Methods in the presence of combined 0.6 mM CaCl,
and 10 uM CaM (+) or neither (—). Proteins were separated by
SDS-PAGE. Numbers to the left represent molecular weights of
protein standards. top: Gel stained for protein with Coomassie Blue.
bottom: Corresponding autoradiograph of 3?P-phosphoproteins.

organ of Corti, lateral wall, spiral ganglion, heart,
brain, liver and kidney were labeled with [y->2PJATP
in the absence or presence of exogenous calcium and
calmodulin. Protein concentrations were adjusted to
0.3 mg/ml for organ of Corti, 0.4 mg/ml for lateral
wall, and 1 mg/ml for spiral ganglion and other tis-
sues. These differences in concentration are reflected
in protein staining after separation by electrophoresis
(Fig. 1, top). Most of the tissues exhibited a character-
istic pattern of protein expression. However, it was
difficult to distinguish between the protein staining
patterns for organ of Corti and lateral wall at the level
of one dimensional SDS-PAGE (Fig. 1, top, lanes OC
compared to LW). Added calmodulin was detectable in
lanes indicated ‘+’ as a multimer between 15 and 17
kDa (Fig. 1, top) indicative of the presence of calcium
in the assays (Burgess 1980).
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Total isotope incorporation (Fig. 1, bottom) in organ
of Corti proteins, particularly in the presence of cal-
cium and calmodulin, (‘+’ lanes) was higher than in
lateral wall tissue, heart or kidney and comparable to
liver and neural tissues (spiral ganglion and temporal
cortex). The patterns of *’P-incorporation into individ-
ual phosphoproteins also exhibit marked differences
between the tissues tested. Most notable were the
distinct patterns of 32P-incorporation in organ of Corti
and lateral wall in the face of the similar protein
staining of these two tissues. The phosphorylation pat-
tern responded to the addition of calcium and calmod-
ulin in all tissues, with major changes apparent in the
organ of Corti and spiral ganglion.

In the spiral ganglion, phosphorylation of a 12 kDa
protein was very prominent in low calcium. Although
several tissues tested contained proteins of this mobil-
ity (Fig. 1, top), in no case was *?P-incorporation
comparable to that of the spiral ganglion (Fig. 1, bot-
tom). The amount of *?P-incorporation in an 81 kDa
protein was also much greater than in corresponding
proteins from other tissues except brain (Fig. 1, bot-
tom). Labeling of both the 12 kDa and 81 kDa proteins
was significantly reduced in the presence of calcium
and calmodulin, (Fig. 1, bottom, lane SG ‘+°). Prelimi-
nary results suggest this type of regulation involves a
calcium /calmodulin-dependent inhibition of the Kki-
nase(s) acting on these proteins (Naik, Coling and
Schacht, manuscript in preparation).

Several proteins in organ of Corti homogenates are sub-
strates for kinases regulated by specific second messenger
systems

In order to find appropriate concentrations of acti-
vators for specific protein kinases, tissue homogenates
from organ of Corti, lateral wall and spiral ganglion
were labeled in the presence of varying concentrations
of cyclic AMP, cyclic GMP, calmodulin or lipids (phos-
phatidylserine and 1,2-diolein, a diacylglycerol). Cyclic
nucleotides were tested at 0.1, 1 or 10 wM. **P-incor-
poration was generally highest at 1 uM (data not
shown), suggesting that 10 uM levels of cyclic AMP or
cyclic GMP may compete with ATP for the kinases. In
the case of calmodulin stimulation, **P-incorporation
either showed a monotonic increase with increasing
activator or leveled off between 1 and 10 uM calmod-
ulin. For stimulation of protein kinase C by lipids, 100
ng/ml phosphatidylserine and 10 wg/ml 1,2-diolein
were used (Thomas et al., 1987). Doubling the concen-
trations of each of the lipids produced no obvious
increase in kinase stimulation. As a result of these
preliminary trials, stimulation of kinases was assayed in
the presence of either 1 uM cyclic AMP or cyclic
GMP, 10 uM calmodulin or 100 wg/ml phos-
phatidylserine and 10 wg/ml 1,2-diolein. Calcium for
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TABLE 1

ORGAN OF CORTI PHOSPHOPROTEINS: REGULATION BY
SECOND MESSENGERS

MW (kDa)! Agonist 2 % Stimulation * Possible Identity *

952407 cAMP 162+ 5.6

445402 cAMP 26.6+132  *CaM kinase 1°
250403  cAMP 21.6+10.4

234403 cAMP 2394106  OCP-II, ® G-substrate
145402 cAMP i8.8+ 85

234403 cGMP 1774 7.5 OCP-11, G *-substrate
649404 lipids 180+ 83  fimbrin ®

234403  lipids 1784+ 6.3  OCP-II, G *-substrate
20.4+0.2 lipids 165+ 7.0  *myosin light chain ’
19.440.3  lipids 59.7+13.0 *myosin light chain
11.64+0.2  lipids 50.8+12.1
100.6+0.7 CaM 62.4+23.0  dynamin, "

*elongation factor 2 '

649404 CaM 48.6+13.9 fimbrin

50 triplet CaM > 100 *CaM kinase 11
445402 CaM 44.6+14.6  *CaM kinase |
358+03 CaM 3044119  OCP-]

! Mean molecular weight +(SEM), N =6 to 12. * Agonists: 1 uM
cyclic nucleotide, 10 uM calmodulin (CaM) or lipids (100 wg/ml
phosphatidylserine plus 10 wg/ml 1,2-diolein). Calcium for all reac-
tions: 0.2 mM EGTA, 0.6 mM CaCl,. * Means + SEM. of N =7 for
¢AMP and ¢cGMP, N =5 for CaM and N =6 for lipid stimulation.
Only those proteins whose phosphorylation was significantly elevated
over control (P < 0.05) are listed. * Tentative identification based on
electrophoretic properties and, in some cases (*), in response to
stimulation. * Nairn et al., 1985 (review). ® Thalmann et al., 1980.
7 Schlichter et al., 1978. % Bretscher and Weber, 1980. ° Adelstein
and Eisenberg, 1980 (review). 19 Shptner and Vallee, 1989.
Il Ryazenov, 1987; Nairn and Palfrey, 1987.

each experimental condition and control was 0.6 mM
CaCl, buffered with 0.2 mM EGTA.
32p_incorporation increased in the presence of
calmodulin for four well-separated proteins (36, 45, 65
and 100 kDa; P < 0.05, Table I) and for a triplet in the
region of 50 kDa (Fig. 2). Although the largest increase
in *P-incorporation was observed for the 50 kDa triplet
(1.5- to 3-fold over control), individual statistical analy-
ses of data for members of the triplet will require
resolution by an alternative separation method.
Calmodulin-dependent stimulations were specific for
the 36, 50 and 100 kDa proteins, i.e. their phosphoryla-
tion was not significantly affected by cyclic nucleotides
or lipids. The 45 kDa protein appeared to be a sub-
strate for both calmodulin- and cyclic AMP-dependent
activities while the 65 kDa protein appeared to be an
effective substrate for both a C-kinase and a calmod-
ulin-dependent kinase activity (Fig. 3 and Table I).
Addition of lipids to tissue homogenates from organ
of Corti revealed four potential C-kinase substrates.
Bands at 12, 19, 20 and 23 kDa showed statistically
significant increases in phosphorylation upon the addi-
tion of lipid (Table I). The increases in the 12, 19, and

20 kDa phosphoproteins were specific for lipid stimula-
tion. The 23 kDa protein may be a substrate for cyclic
AMP- and cyclic GMP-dependent protein kinases in
addition to protein kinase C. It is possible that this
multiple phosphorylation (and that of the 45 and 65
kDa proteins mentioned above) involves different
phosphorylation sites on the same protein; on the
other hand, different proteins could comigrate on this
one-dimensional gel system.

Phosphorylation of three additional proteins from
the organ of Corti (15, 24 and 95 kDa) was significantly
increased by addition of cAMP. These appear to be
specific substrates for a cyclic AMP-dependent kinase
since addition of the other agents did not induce any
significant changes (Table I).

Regional assays of the organ of Corti reveal base to apex
differences in calcium-dependent kinase activity

The organ of Corti was divided at a point two and a
half turns from the apex resulting in nearly equal
protein for basal and apical portions. Tissue ho-
mogenates were labeled with [y-*PJATP in either the
absence or presence of calcium (Fig. 4). In the region
of 45 to 100 kDa several phosphoproteins were ob-
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Fig. 2. Phosphorylation of five organ of Corti proteins is stimulated

by calmodulin. Proteins were labeled with [y-*?PJATP for 15 min

with 0.6 mM CaCl, in the absence or presence of 10 M calmodulin

(CaM). Following protein staining (lanes 3 & 4), SDS gels were

processed for autoradiography (lanes 1 & 2). Molecular weight (kDa)

is given for 5 proteins, including a 50 kDa triplet, whose 32p.incorpo-
ration consistently increased with CaM (p < 0.05).



served in the apex but not appreciably in the base. In
contrast, labeling of proteins in the low molecular
weight region (29 kDa and lower) appeared more pro-
nounced in the base. Two phosphoproteins, not clearly
identified in whole organ of Corti, were observed after
separation of apical and basal tissues (27 and 47 kDa).
While the 27 kDa protein was also detectable in assays
of whole organ of Corti, its resolution was impaired by
the major 25 and 29 kDa proteins. The 47 kDa phos-
phoprotein was only detected by separate analysis of
tissue from base and apex.

Some of the proteins previously identified as poten-
tial calmodulin-dependent Kkinase substrates in the
whole organ of Corti (50 kDa region, 65 and 100 kDa)
showed a calcium-dependent increase in *?P-incorpo-
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Fig. 3. Calmodulin-dependent phosphorylations of organ of Corti
proteins are specific. 1 uM cyclic AMP or cyclic GMP, 10 uM CaM
or lipids (100 ug/ml phosphatidylserine plus 10 ug/ml 1,2-diolein)
were used to stimulate A-, G-, CaM-, or C-kinases. Results for the
100 kDa and 65 kDa organ of Corti phosphoproteins are plotted for
cyclic nucleotide (N =7, each), CaM (N =5) and lipid (N=06)
stimulation. Bars indicate standard errors of the means (SEM).
Insets show results for statistically significant stimulations (P < 0.05,
paired ¢-test). The 65 kDa protein appears to be an effective sub-
strate for both C-kinase and CaM-kinase activity. Specificity of
kinase-substrate relationships for other organ of Corti proteins is
summarized in Table 1.
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Fig. 4. Calcium-dependent protein phosphorylation in the organ of
Corti varies between the base and apex. The organ of Corti was
divided into two portions as described in the text. Tissue was labeled
for 15 min in the absence (0.2 mM EGTA; —) or presence (0.2 mM
EGTA, 0.6 mM CaCl,; +) of calcium. Proteins were separated by
SDS-PAGE and 3 P-incorporation, shown in the figure, was detected
by autoradiography. Base to apex differences in labeling are appar-
ent for several proteins. Protein staining of the same gel showed no
detectable differences in protein between base and apex and nearly
identical amounts of total protein for each labeling condition (data
not shown).

ration in apical tissue. Phosphorylation of the 47 kDa
protein also increased with calcium in apical tissue. In
contrast, calcium did not affect phosphate incorpora-
tion in the 45 kDa substrate.

In addition, the regional analysis of the organ of
Corti revealed calcium-dependent increases in 32P-in-
corporation for four low molecular weight phosphopro-
teins (23, 25, 27 and 29 kDa) in apical tissue. This
effect was apparently masked in assays of whole organ
of Corti by calcium-independent phosphorylation of
proteins of the same molecular weight in tissue from
the base.

Discussion

Taking advantage of the sensitivity of radiolabeling
techniques, we have provided the first evidence for the
presence of three specific protein kinase activities in
the organ of Corti and several of their potential pro-
tein substrates. Assays of spiral ganglion tissue addi-
tionally revealed the presence of two potentially novel
proteins whose phosphorylation is blocked by calmod-
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ulin. We have also discovered an apparent differential
regulation of calcium-dependent protein phosphoryla-
tion between the base and apex of the organ of Corti.

Protein kinase activity

The nervous system has a large capacity for integrat-
ing a variety of signals among cells. This is accom-
plished by voltage-dependent and ligand-gated ion
channels and also by intracellular responses to specific
combinations of second messengers. Second messenger
systems are regulated through the action of a variety of
extracellular ‘first messenger’ signals including trans-
mitters, hormones and neuromodulatory substances.
Target enzymes whose activity is, in turn, regulated by
second messengers include protein kinases and phos-
phatases. Through amplifying cascade systems, these
enzymes modulate processes which include ion channel
conductance and synaptic events as well as the
metabolic state and shape of cells. Additionally, a
particular second messenger can participate in feed-
back networks, so called ‘cross talk’ pathways, to mod-
ulate responses to other second messengers.

Protein phosphorylation is one of the more widely
studied mechanisms of second messenger action. Re-
cent estimates suggest that as many as one third of a
cell’s proteins may undergo such a post-translational
modification. This type of modulation typically follows
a time course from seconds to much longer times as,
for example, in the case of long term potentiation of
synaptic efficacy (Malinow et al., 1988). Accordingly,
we have reasoned that auditory responses that are
candidates for regulation by protein phosphorylation
will have relatively long time courses. These may in-
clude modulatory processes that regulate conductance
states of ion channels or motility in outer hair cells,
homeostatic processes involved in the regulation of
blood flow, basilar membrane and stereocilia mechani-
cal impedance, as well as metabolic and morphologic
processes in development and damage repair.

Cyclic nucleotide dependent kinase activity. Two
classes of protein kinases are stimulated by cyclic nu-
cleotide second messengers. The cyclic AMP-depen-
dent protein kinases are ubiquitous and have a broad
range of protein substrates. The presence of cyclic
AMP (Thalmann et al.,, 1979) and adenylate cyclase
(Zajic et al. 1983) has been demonstrated in the organ
of Corti. A role for this second messenger system,
however, has not been established for that tissue. This
report presents the first evidence for the presence of
both the kinase and five putative substrates. Although
the function of these proteins is as yet undetermined,
their identification provides a new approach toward
determining the role(s) of cyclic AMP in hearing.

Cyclic GMP-dependent protein kinases are much
less evenly distributed in mammalian tissues. Perhaps
as a consequence, few proteins have been identified as

physiological substrates. The only known neuronal pro-
tein is G-substrate, an inhibitor of protein phos-
phatases 1 and 2A. Interestingly, the organ of Corti
protein reported here as a potential substrate of cyclic
GMP-dependent protein kinase and the cerebellar G-
substrate are both 23 kDa phosphoproteins. The im-
portance of the cyclic GMP second messenger system
in the inner ear is suggested by the presence of a
gradient of cyclic GMP along the organ of Corti (Thal-
mann et al., 1979). These data suggest that phosphory-
lation of the 23 kDa organ of Corti protein may be
differentially regulated from base to apex. Further,
they suggest a possible role for this protein. Although
molecular weight comparison is far from sufficient to
establish identity, it is still interesting to note that the
molecular weight of the 23 kDa phosphoprotein is very
close to that reported for the well-characterized organ
of Corti-specific protein OCP-1I (Thalmann, 1990).

Protein kinase C activity. Membrane lipids of the
diacylglycerol family produced by phosphoinositide hy-
drolysis act as specific stimulators of the calcium-de-
pendent protein kinase C family (Nishizuka, 1989).
Other membrane lipids, such as phosphatidylserine,
have been found to be useful, in concert with diacyl-
glycerols, to stimulate protein kinase C activity in tissue
homogenates (Thomas et al., 1987). Thus, increased
32 Pp_incorporation resulting from these agents is consis-
tent with activity of protein kinase C.

Phosphoinositide hydrolysis in the organ of Corti
has recently been linked to muscarinic acetylcholine
receptor activation (Guiramand et al., 1990; Niedziel-
ski and Schacht, 1991). Presumably, this mechanism
involves cholinergic efferent synapses (Altschuler et al.,
1985), although this connection is, as yet, unconfirmed.
The data provided here for lipid stimulation provide
evidence for the presence of protein kinase C in the
organ of Corti. It is, thus, possible that some of the
proteins identified by lipid stimulation may be local-
ized to hair cells and participate in the response of
those cells to efferent nerve activity.

Calmodulin-dependent kinase activity. Calmodulin-
dependent protein kinases have a widespread tissue
distribution. They participate in diverse regulatory roles
in synaptic release, protein synthesis, glycogen
metabolism and contractility. Several distinct enzymes
belong to this family including calcium /calmodulin-de-
pendent protein kinase types I, IT and III, phosphory-
lase kinase and myosin light chain kinase (for review,
see Nairn et al., 1985).

In the experiments reported here for organ of Corti,
calmodulin induced far greater increases in *?P-incor-
poration than did the cyclic nucleotides and lipids. This
suggests that calmodulin-dependent kinases play major
roles in the function of that tissue. This hypothesis is
supported by the observation that stimulation of pro-
tein phosphorylation by calmodulin is relatively high in



the organ of Corti compared to other tissues and
comparable to that in brain (Fig. 1). It is further
supported by the inhibitory effects of calmodulin an-
tagonists on hair cell function (Corey et al., 1987,
Dulon et al., 1990).

Differential regulation of protein phosphorylation be-
tween base and apex of the organ of Corti

Differential regulation between the base and apex
of the organ of Corti has been detected for several
proteins. These differences may correspond to func-
tional, morphological and biochemical gradients which
include mechanical impedance of the basilar mem-
brane (von Bekesy, 1960), transmitter innervation (Al-
tschuler et al., 1985; Fex et al. 1986), and transmitter-
mediated phospholipid hydrolysis (Niedzielski and
Schacht, 1991).

The results indicate the presence of a complex pat-
tern of regulation in the organ of Corti and suggest
some interesting predictions. 1) Differences in the
phosphorylation of proteins with molecular weights
between 45 and 100 kDa may be due to different
substrate distributions. This possibility, however, is not
supported by any major differences in protein distribu-
tion detectable by SDS-PAGE suggesting that differ-
ences in distribution of kinase and phosphatase activi-
ties may be more likely. 2) Most of the proteins be-
tween 45 and 100 kDa that were labeled in the apical
tissue were identified in assays of whole tissue as
potential calmodulin-dependent kinase substrates.
Thus, presumably, the increased phosphate incorpora-
tion in response to calcium involves the action of
endogenous calmodulin. 3) Not all of the putative
calmodulin-dependent kinase substrates showed the
same degree of stimulation by calcium. For example,
the 45 kDa phosphoprotein showed a very small re-
sponse, if at all. This may be indicative of the presence
of multiple types of calmodulin-dependent kinases in
apical tissue. 4) The appearance of a 47 kDa phospho-
protein in apical tissue that was not readily detected in
assays of whole tissue suggests that the base of the
organ of Corti may contain an inhibitor of a specific
kinase acting on that protein. 5) Differences in pat-
terns of phosphorylation of lower molecular weight
proteins (23 to 29 kDa) suggest distinct differences in
the regulation of the kinases acting on them.

Conclusion

The identification of several phosphoproteins regu-
lated by four second messenger systems presented here
provides the necessary insight for further experiments
on the regulation of protein phosphorylation in the
inner ear. A list of possible identities of some of the
organ of Corti phosphoproteins is given in Table 1.
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Many of the inner ear phosphoproteins are likely to be
previously identified proteins of known function. Oth-
ers may be either novel inner ear proteins or regulated
by control pathways unique to the auditory system.
Understanding this regulation and the interactions of
these phosphoproteins will significantly enhance our
knowledge of inner ear function and, perhaps, in some
cases, lead to a better understanding of the function of
these proteins in other less accessible and manipulable
systems.
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