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Abstract This study examined the presence of NaK-
ATPaseisoformsin the developing inner ear of therat and
studied the importance of functional subunit combinations
in endolymph homeostasis. The findings were: (a) the
combination a,3; is found in epithelial, mesenchymal,
and neural inner ear cellswith an early starting expression
14 days postconception (dpc) in some endolymphatic sac
cells; (b) from 1 day after birth (dab) expression of a4f3, is
observed in marginal cells, vestibular dark cells, and cer-
tain vestibular nonsensory cells; (¢) atransient expression
of a,B3; is found in suprastria fibrocytes and spiral liga-
ment fibrocytes type Il between 10 and 15 dab; (d) start-
ing at 16 dpc the combination a3, is uniquely expressed
in inner ear neural cells (as in other neural tissues). In
conclusion, during development a switch from a,p3; to-
wards a3, isobserved in suprastrial fibrocytes and in spi-
ral ligament fibrocytes type I1. Thus, according to the bio-
chemical characteristics of these combinations, a switch
towards a NaK-ATPase with higher capacity takes place.
In addition, prominent expression of the a3, combina-
tion in predominantly K* ion transporting marginal and
dark cells is in accordance with the characteristic of this
combination and thus with the presumed function of these
cells asimportant K* suppliers for the endolymph. We be-
lieve this combination in certain vestibular nonsensory
cellsto beinvolved in K* sensing. Early expression of the
043, combination in the endolymphatic sac, prior to that
in the other parts of the inner ear, suggests that this struc-
ture may be involved to some extent in the development
of the vestibulum and cochlea.
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Introduction

Endolymph, characterized by an unique intracellularlike
ionic composition, plays a crucial role in the normal func-
tioning of the inner ear. Changes in endolymph composi-
tion eventually lead to impaired hearing. NaK-ATPases
that normally couple the hydrolysis of one molecule ATP
to the transport of three Na* ions out and two K* ions into
the cell are involved in endolymph ion-exchange pro-
cesses [13]. NaK-AT Pases are composed of atransporting
a and stabilizing (3 subunit. For their biological activity
both subunits are needed [11]. The B subunit affects the
affinity of the a subunit for both Na* and K* ions [1, 2].
In mammals three well characterized isoforms of the a
subunit (a4, a,, and a3) and at least two of the B subunit
(B, and B,) have been described [24]. Schmalzing et al.
[22] convincingly demonstrated differential interaction
between different a and (3 isoforms. In different tissues
specific combinations are found. Thus, such tissue-spe-
cific combinations may determine a specific function.
Both a; and (; isoforms are ubiquitous in most tissues
and are at present the only isoforms detected in the kidney
[9]. The a; and 3, isoforms are present in ion transporting
tissues such as the choroid plexus [30] and pigmented
retinal epithelium [20]. In excitable tissues such as mus-
cles and nerves the isoforms a,, a3, 31, and B, are pre-
dominantly expressed [12, 16].

In the inner ear the following distribution of individual
NaK-AT Pase isoforms has been found. ten Cate et al. [4]
and McGuirt and Schulte [18] described the unique ex-
pression of a, and [3, in dark and marginal cellsand of a;
and 3, in neural elements in adult rat and gerbil, respec-
tively. Both groups reached the overall conclusion that
differential expression of NaK-ATPase probably reflects
functional diversity. The expression of a,; and (3, in the
adult guinea pig endolymphatic sac led ten Cate et al. [5]
to the suggestion that this combination reflects a distinct
inner ear NaK-ATPase.

Studies on NaK-ATPase expression during inner ear
development have been performed only in the cochlea of
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the gerbil [19], rat [31], and mouse [8]. No attention has
been paid to the development of the vestibular portion.
Despite the important function ascribed to the endolym-
phatic sac and duct in endolymph homeostasis no data are
available on expression of the various NaK-ATPase iso-
forms during the development of these structures.

In this developmenta study we compared the expres-
sion of NaK-ATPase subunits in endolympatic sac and
duct with those in cochlea and vestibulum. In addition, re-
cent biochemical studies [2, 7] on characteristics of NaK-
ATPase isoform combinations enabled us to hypothesize
on the involvement of distinct isoform-combinations in
endolymph homeostasis.

Materials and methods

Animals

conducted in accordance with international guidelines.

Immunohistochemistry

The expression of NaK-ATPase isoforms was investigated during
the development of the rat inner ear from 14 days postconception
(dpc) to 30 days after birth (dab). Investigated time points were 14,
16, and 18 dpc and 1, 4, 10, 15, 20, and 30 dab. Anti-NaK-ATPase
antibodies used in this study: mouse anti-rat monoclonal antibod-
ies against a; and a, chain (McK1 and McB2; Prof. Dr. K. J.
Sweadner, Boston, Mass., USA) and rabbit anti-rat polyclonal an-
tibodies against a5, 31, and 3, chain (UBI, New York, N.Y., USA).

Table1l Expression of func-
tional NaK-ATPases in differ-

14 16 18 Birth 1 4 10 15

ent cells during inner ear de-

velopment asb,

Cochlea
External sulcus cells
Marginal cells
GER célls
Root cells
Interdental cells
Claudius cells

Reissner’s membrane cells

Suprastrial fibrocytes

Spiral ligament fibrocytes type 11
Spiral ligament fibrocytes type IV

Coclear neurons
Vestibulum

Nonsensory cells

Dark cells

Supporting cells

Transitional cells

Vestibular neurons
Endolymphatic sac/duct

Endolymphatic sac cells

Endolymphatic duct cells

a4,
Cochlea

Marginal cells?

Vestibulum
Nonsensory cells?
Dark cells

0B;
Cochlea

Supralimbal fibrocytes
Suprastrial fibrocytes

Spiral ligament fibrocytes type |1

agBy
Cochlea
and (3, between 4 and 15 dab Vestibulum

PNo staining of 3, in some am-

pullar nonsensory cells Vestibular neurons




Cryostat sections were used for monoclonal antibodies, and Bouin-
fixed paraffin sections were used for polyclona antibodies. At
least four animals of every age category were examined. Decalci-
fication procedure was performed as described before [15].

Immunostaining with monoclonal antibodies was performed
according to the previously described immunoperoxidase method
[28]. Briefly, cryostat sections were fixed in cold (4°C) acetone
for 10 min, rinsed in phosphate-buffered solution (PBS), and sub-
sequently incubated at room temperature for 60 min with either
anti-a; (1:10) or anti-a, (1: 10) antibody. After rinsing in PBS the
sections were incubated for 30 min with peroxidase-conjugated
rabbit anti-mouse 1gG (Dakopatts, Glostrup, Denmark), and perox-
idase activity was detected after a 10 min incubation with 3'-
amino-9-ethylcarbozole as substrate.

Immunostaining with polyclonal antibodies was performed by
use of the avidin/biotin complex technique. Paraffin sections were
deparaffinized in toluol and rehydrated. For o5 detection sections
were pretreated with 0.1% trypsin/0.2% CaCl, in PBS for 10 min
at 37°C. All sections were placed in 0.5 M NH,CI in PBS contain-
ing 0.4% Triton X-100 (TPBS) for 40 min. After rinsing in TPBS
they were preincubated for 40 min with 1.5% normal goat
serum/1% bovine serum albumin (BSA) in TPBS. Incubation of
the sections with anti-a4, anti-f3; or anti-3, (diluted 1:100, 1: 200,
and 1:500 in TPBS/1% BSA respectively) was performed over-
night at 4°C. After rinsing in TPBS sections were incubated for 60
min with biotin-labeled goat anti-rabbit 1gG (Dakopatts) diluted
1:400 in TPBS/1% BSA. The next incubation, after rinsing with
TPBS, was performed with peroxidase-labeled streptavidin (50 ng/
pl in TPBS; Dakopatts) for 90 min. After rinsing in PBS, followed
by rinsing in sodium-acetate buffer (0.05 M, pH 4.9), peroxidase
activity was determined by a 10 min incubation with 3'-amino-9-
ethylcarbozole.

All cryostat and paraffin sections were counterstained with
Mayer’s hemalum and mounted in glycerin jelly. Control sections
were incubated with nonimmune mouse serum.

Results

The expression of NaK-ATPase a and 3 isoforms as de-
termined by immunohistochemistry is reported separately
for the developing cochlea, vestibulum, and endolym-
phatic sac and duct. Table 1 lists the expression of func-
tional NaK-ATPases in different cells during inner ear de-
velopment. In addition, Figs.1 and 2 schematically de-
picts the expression of NaK-ATPase a and B isoforms in
adult cochlear (Fig.1) and vestibular (Fig. 2) structures.

Cochlea

Maturation of the cochlea occurs via a base to apex gradi-
ent. All results described apply to the basal turn.

a

At 1 dab expression can be distinguished in external sul-
cus cells, basal part of margina cells, and in some GER
cells. Between 4 (Fig.3A) and 15 dab (Fig. 3D) intensifi-
cation of staining is observed in marginal cells; root cells
(Fig.3A) begin to stain at 4 dab. Starting at 10 dab o, ex-
pression is seen in interdental cells and at 15 dab in
Claudius cells, Reissner’s membrane, spiral limbus fibro-
cytes, suprastrial fibrocytes (Fig.3D; Fig.4A, D), and
spiral ligament fibrocytes type 1l (Fig.3D; Fig.4F) and
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Fig.1 Schematical overview of the presence of the different NaK -
ATPase a and 3 isoforms expressed in the adult cochlear duct.
1 External sulcus; 2 marginal cells; 3 root cells; 4 interdental cells;
5 Claudius cells; 6 Reissner’s membrane; 7 suprastrial fibrocytes;
8 spiral ligament fibrocytes type II; 9 spira ligament fibrocytes
type 1V; 10 supralimbal fibrocytes; 11 cochlear nerve; 12 spiral
ganglion; in parenthesis no prominent expression

(ag)agBy

Fig.2 Schematical overview of the presence of the different NaK-
ATPase a and 3 isoforms expressed in the adult vestibular portion.
1 Nonsensory cells; 2 dark cells; 3 supporting cells; 4 transitional
cells; 5 vestibular nerve; 6 vestibular ganglion; in parenthesis no
prominent expression

IV (Fig.3D). Cochlear neurons are also positive from
15 dab on.

a;

From 4 dab on expression is found in spiral limbus fibro-
cytes, supralimbal fibrocytes and perineural cells. Expres-
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Fig.3 Immunohistochemica staining of different NaK-ATPase
isoforms in marginal cells (m) at 4 dab for a; (A), B; (B), and 3,
(C); at 15 dab for a; (D), B, (E), and B, (F). Note in the marginal
cellsintensification of staining for a, and 3, between 4 and 15 dab
and the change of a weak general to a more scattered staining of
B,. e External sulcus; r root cells; s suprastrial fibrocytes, sl spiral
ligament; arrowhead spiral ligament fibrocytes type Il; arrow spi-
ral ligament fibrocytes type IV. A—F x 200

sion of a, in suprastrial fibrocytes (Fig.4B) and spiral lig-
ament fibrocytes type Il (Fig.4C) appears at 10 dab and
begins to disappear from 15 dab (Fig.4E). From 15 dab
expression is observed in strial basal cells.

as

From 16 dpc on staining is visible in the cochlear neurons.

B

From 16 dpc expression is found in the cochlear neurons.
Positivity of 3, is seen from 18 dpc in the external sulcus
cells, marginal cells, GER, LER, and Reissner’'s mem-

Fig.4 Immunohistochemical staining of different NaK-ATPase
isoforms in suprastrial fibrocytes(s) (A,B,D,E) and spiral ligament
fibrocytestype Il (arrowhead; C,F) at 10 (A—C) and 15 dab (D—F)
for a; (A,D,F) and a, (B,C,E). Note that from 10 to 15 dab stain-
ing of o, disappears and prominent staining of o, occurs. e Exter-
nal sulcus; mmarginal cells; sl spiral ligament. A—F x 400

brane. Staining in marginal cells develops from a weak
general signal at 4 dab (Fig. 3B) to amore scattered one at
15 dab (Fig.3E). At 4 dab staining of the root cells starts
(Fig.3B) and from 10 dab on 3, expression is present in
the interdental cells, Claudius cells, supralimbal fibro-
cytes, suprastrial fibrocytes (Fig. 3E) and spiral ligament
fibrocytestypes Il and IV (Fig.3E).

B>

Only marginal cells show expression from 1 dab on (Fig.
3C) with an intensification until 15 dab (Fig.3F).

Vestibulum
a

From 18 dpc the nonsensory cells show heterogeneous
staining. An intense reaction is found in the ampullar re-
gion. Dark cells of cristae and macula stain faintly at this
age. A positive o, reaction isfound in the supporting cells
of both maculae whereas a less prominent reaction is
found in the cristae. From 1 dab on the dark cells (Fig.5A)
of cristae and macula stain intensely, and from 4 dab on
the transitional cells (Fig.5B) are positive. Vestibular
neurons are labeled from 15 dab on.

a;

From 4 dab staining of a, is observed in the fibrocytes be-
low the vestibular epithelia cells.
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Fig.5 Immunohistochemica staining of different NaK-ATPase
isoforms at 1 (A) and 15 dab (B-D) in dark cells (d) for a; (A,B),
B, (C) and B, (D) and in transitional cells (t) that only stained for
a, (B) and B, (C). se Sensory cells. A x 200; B-D x 400

as

From 16 dpc expression occurs in the vestibular neu-
rons.

B

From 16 dpc a positive B, reaction is observed in the
vestibular neurons and sensory epithelial cell areas. At

Fig.6 Immunohistochemical
staining of the NaK-ATPase
isoforms a, (A,D,E) and (3,
(B,C,F) in the endolymphatic
sac (A, B,D—F) and duct (C)
at 14 dpc (A,B), 16 dpc (D),
18 dpc (C), and 15 dab (E,F).
Note in D early heterogeneous
staining in the endolymphatic
sac (es) in contrast to the en-
dolymphatic duct (ed), vestibu-
lar portion (v) and cochlear duct
(c). A—C,E,F: x 200; D x 50
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18 dpc heterogeneous staining becomes apparent in the
nonsensory cells and dark cells. In addition transitional
cells (Fig.5C) show intense staining. The supporting cells
are also positive from this stage.

B

Some nonsensory cells and dark cells (Fig.5D) stain in-
tensely from 1 dab on.

Endolymphatic sac and duct

In these structures only a; and (3, are found. They are ex-
pressed very early in comparison with the cochlear and

vestibular structures. Staining in saccus epithelium pre-
cedes staining in ductus epithelial cells.

a

The epithelial lining of the saccus shows heterogeneous
expression from 14 dpc (Fig.6A, D). This pattern does
not change throughout the observation period. After birth
expression of a; intensifies (Fig.6E). Ductus cells start
staining at 4 dab.
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From 14 dpc the saccus epithelium shows heterogeneous
expression of 3; (Fig.6B, F). Expression in ductus cells
starts at 18 dpc (Fig.6C).

Discussion

Since functional NaK-ATPases are always composed of
an a and 3 subunit [7], we consider that cells only ex-
pressing one subunit are void of functional NaK-AT Pases.
However, we cannot exclude the involvement of nonin-
vestigated isoforms.

The present observations demonstrate that the o4f3;
combination is found in epithelial, mesenchymal, and
neural cells. In addition, a4f3, is found in epithelial cells,
0,B3; in mesenchymal cells, and a3, in neural cells. Sev-
eral studies have confirmed that distinct NaK-ATPase iso-
form combinations determine their affinities for Na* and
K*ions[1, 24]. Recently Crambert et al. [7] described the
characteristics of human NaK-ATPase combinations
whereas Blanco and Mercer [2] described those of the rat.
The fact that a given combination may have different
properties depending on the cellular environment must be
taken into consideration as well [27]. Nevertheless, the
combination a,3; displays a high K* and Na* affinity as
well as a high turn-over rate; a3, is characterized by a
high K* affinity and a very high turnover rate, but its
affinity for Na* has not been determined; a,[3; has a mod-
erate K* and Na* affinity and a moderate turnover rate. Fi-
nally, o3B3, has ahigh K* and alow Na* affinity and alow
turnover rate. This last combination differs in K* affinity
between rat and human, i.e., K* affinity islower in therat.
However, Therien and Blostein [26] also found a high K*
affinity of asf3; in the rat with K+ acting as a competitive
reversible inhibitor of Na“ affinity. Crambert et al. [7]
concluded that combinations with o, isoforms perform
housekeeping roles whereas combinations with a, or oy
play arole in restoring resting conditions. Thus different
isoform combinations exhibit mgjor differences in trans-
port capacities and thus may have important physiological
consequences. Based on these characteristics we evaluate
the role of functional NaK-ATPases in endolymph home-
ostasis.

During ontogenesis of rat inner ear epithelial cells the
first NaK-ATPase isoforms that can form a functiond
combination are found in some endolymphatic sac cells,
followed by distinct populations of vestibular and co-
chlear cells. Thistendency in differential functional matu-
ration is in accordance with the morphological develop-
ment of these structures [15].

Ininner ear neural tissue the unique expression of a3,
NaK-ATPase (high K+ and low Na* affinity) isin line with
other neural tissues as well as with its presumed function
of restoring K* concentrations after depolarization. a4f3;
NaK-ATPase (high K*and Na* affinity) is also present in
those neural cells and is likely to be involved in normal
cell physiology.

A remarkable observation during the inner ear devel-
opment is the expression switch from functiona o3,
NaK-ATPases towards a3, in the cochlear fibrocytes be-
tween 10 and 15 dab. Previous studies [19, 23] have sug-
gested that these fibrocytes are involved in the transport
of K* ions into the intrastrial region. Additionaly, it has
been proposed that those fibrocytes play an important role
in the generation of the endocochlear potential which
reaches adult values in the rat between 11 and 16 dab [3,
21]. This coincides with the rapid increase in NaK-
ATPase activity in the stria vascularis to mature values
[14]. The switch from a,f3; to a4B; in suprastria fibro-
cytes and in spiral ligament type Il fibrocytes also occurs
in this period. Because a,f3; has a moderate K+ and Na*
affinity and moderate turnover rate whereas a,3; has a
high K* and Na* affinity and high turnover rate, the
switch towards the high-capacity NaK-ATPase during the
final stages of inner ear maturation suggests a crucial role
of a,B3; in the maintenance of the adequate endolymph
composition/endocochlear potential.

There is convincing evidence that vestibular dark cells
and cochlear marginal cells transport K* from the basol at-
eral to the apical side of the cell. K* secretion via an api-
cal K* channel entails uptake of K* across the basolateral
membrane via NaK -ATPase aswell as a Na-K-Cl cotrans-
porter. The Na* taken up via the basolatera Na-K-Cl co-
transporter also increases the activity of the basolatera
membrane NaK-ATPase, resulting in an additional flux of
K* into the cell [29]. Asin former cochlear and vestibular
immunohistochemical studies [4, 19, 31] we detected the
isoform combinations of a;[3; and predominantly a3, in
marginal and dark cells. We hypothesize that the promi-
nent presence of a43, (high K* affinity and high turnover
rate) in those specific K* ion transporting epithelia is re-
quired for maintaining the unique high K* and low Na*
concentrations in the endolymph. Thisis supported by the
observation that, in addition to a,3; NaK-AT Pase, expres-
sion of a3, isfurther enhanced between 4 and 15 dab (es-
pecialy in margina cells), the same period in which the
endolymph K* concentration reaches mature values [3].
Additional support for this hypothesis may be derived
from studies on B,-deficient mice. These mutants display
a disturbed cerebral ionic homeostasis[17].

In the vestibular part a,[3, is found together with a4f3;
in distinct nonsensory cells, which are thought to prevent
the local passive leakage of Na* ionsinto and K* ions out
of the endolymphatic space [10]. We hypothesize that
043, in these vestibular cellsisinvolved in K* sensing and
therefore reacts adequately on leakage-induced changesin
endolymph composition.

The exact mechanisms involved in endolymph home-
ostasis in the endolymphatic sac are till obscure. Therel-
ative high Na* and low K* concentrations in the endolym-
phatic sac endolymph [6] suggests that the epithelium is
involved in absorption of K* and secretion of Na*. Ab-
sorption of K* may be explained by the presence of apical
Na-K-Cl cotransporters [25], but this does not explain the
high Na*" concentration. It is tempting to assume that in
the adult endolymphatic sac a,3; NaK-ATPase generates



alocal electrochemical gradient that is an important factor
in the process of absorption and secretion of solutes and
electrolytes. In the light of the current opinion on the role
of the endolymphatic sac in endolymph homeostasis the
expression of a43; NaK-ATPase in the sac prior to that in
the duct and vestibular and cochlear partsis quite remark-
able. It may suggest that this structure is involved in the
development of the remaining part of the inner ear.

In conclusion, the present data together with reevalua-
tion of the current biochemical datalead to a better under-
standing of the specific involvement of different inner ear
cell types in endolymph homeostasis.
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