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Summary. Sodium/potassium-activated adenosine
triphosphatase (Na*/K*-ATPase) activity in the kidney
and brain is high, and is regulated by catecholamines.
Nat/K*-ATPase activity is also high in the basolateral
infoldings of the strial marginal cells, where it aids in
maintaining the characteristic electrolyte composition of
the endolymph. To clarify the involvement of humoral
control in strial function, particularly the role of
catecholamines, the K*-dependent p-nitrophenyl-
phosphatase (K*-NPPase) activity of strial marginal
cells was investigated in guinea pigs using a cerium-
based cytochemical method. The effects of reserpine,
serotonin (5-HT), norepinephrine (NE), epinephrine
(EP), both alone and in combination, were studied. High
doses of reserpine cause depletion of sympathetic
substances. Strial K*-NPPase activity was decreased
after reserpine or dopamine treatment, and was increased
after 5-HT, NE, and EP treatment. After reserpinization,
repeated treatment with 5-HT, NE, or EP led to
detectable strial enzyme activity. Thus, exogenous 5-HT,
NE, and EP were able to restore strial Kt-NPPase
activity in the reserpine-treated animals. These results
suggested that biogenic amines regulate strial K*-
NPPase activity. Thus, the function of the stria vascularis
may be regulated by the opposing actions of these
catecholamines, and 5-HT.

Key words: Nat/K*t-ATPase, Stria vascularis,
Catecholamine, Biogenic amine, Humoral control,
Cytochemistry

Introduction

Sodium/potassium-activated adenosine tri-
phosphatase (Nat/K*-ATPase) is a highly conserved
membrane enzyme that is essential for cellular
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homeostasis (Skou, 1965; Whittam and Wheeler, 1970;
Jorgensen, 1980). This enzyme plays a "housekeeping”
role by maintaining low Na* and high K* concentrations
in the intracellular milieu, which are crucial for
preserving the membrane potential of all cells (Ewart
and Klip, 1995). In strial marginal cells, Nat/K*-ATPase
activity is high and contributes to the characteristic
electrolyte composition of the endolymph (Smith et al.,
1954; Stecker et al., 1988; Kanoh and Makimoto, 1984,
1985). Cochlear endolymph contains high levels of K*
and low levels of Na*, thus resembling intracellular
fluid. However, the stria vascularis is reported not to be
innervated (Terayama et al., 1966; Spoendlin and
Lichtensteiger, 1966; Shibamori et al., 1994). Therefore,
elucidating of the mechanisms by which the stria
vascularis is regulated is now an important goal.

In 1995, Ewart and Klip reviewed the hormonal
regulation of Nat/K*-ATPase in various tissues, stating
that this enzyme is under both short- and long-term
control by a number of circulating hormones such as
aldosterone, thyroid hormones, and catecholamines. The
long-term regulation exerted by thyroid hormone and
aldosterone is mediated by changes in gene expression.
The short-term regulation exerted by catecholamines is
mediated by reversible phosphorylation of the catalytic
subunit of the Nat/K*-ATPase. In 1992, Hernandez
reviewed the effects of extrinsic catecholamines and
serotonin (5-HT) on Na*t/K*-ATPase activity in the
brain. Norepinephrine (NE) enhances and stimulates
Na*/K*-ATPase activity in the brain (Clausen and
Formby, 1967) and in rat brown adipose tissue
membranes (Herd et al., 1970). In the cerebral cortex, 5-
HT increases enzyme activity (Hernandez, 1979). In the
kidney, NE stimulates Nat/K*- ATPase activity and
decreases urinary sodium excretion (Sundaresan et al.,
1987). However, dopamine and dopamine agonists
inhibit Na*/K*-ATPase activity in the proximal tubules
(Aperia et al., 1987), in the thick ascending limb of
Henle's loop (Meister et al., 1989), and in the cortical
collecting tubules (Seri et al., 1988), thus leading to
increased natriuresis (Meister and Aperia, 1993). These
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catecholamines have pronounced effects on the renal
handling of sodium and water, with NE promoting
sodium and water retention, and dopamine-promoting
sodium and water excretion (Ibarra et al., 1993).

Strial K*-NPPase in the cochlea (Table 1)

Ouabain-sensitive, K*-dependent p-nitrophenyl-
phosphatase (K*-NPPase) is the second component of
the Nat/K*-ATPase complex, which represents the
dephosphorylation step in the sodium pump cycle (Judah
et al., 1962). Using a cerium-based method (Kobayashi
et al., 1987), K*-NPPase activity was localized to the
basolateral infoldings of cochlear strial marginal cells
(Fig. 1), but enzyme activity was decreased from day 3
to day 20 after reserpine treatment (Fig. 2; Kanoh et al.,
1993; Kanoh, 1994). A similar decrease was observed
for the facial nerve (Kanoh, 1997), choroid plexus (Dai
and Kanoh, 1998), and kidney (unpublished data). After
administering biogenic amines, such as EP (Kanoh,
1999), NE (Kanoh, 1998a), or 5-HT (Kanoh et al. 1998),
strial K*-NPPase activity was detectable at a level

Table 1. Strial K*-NPPase activity after biogenic amine administrations.

ENZYME RESERPINE EP NE DOPAMINE 5-HT
ACTIVITY

Brain -- ++ ++

Kidney - T+

Brown adipose tissue e

Choroid plexus - +t ++

Stria vascularis - ++ Tk - T

(present study)

similar to that of normal untreated animals. However,
after dopamine treatment, strial K*-NPPase activity was
undetectable (Fig. 3; Kanoh, 1995). A similar decrease
was found for choroid plexus (Kanoh, 1998b). Hence,
administration of EP (Fig. 4; Kanoh, 1999), NE (Fig. 5;
Kanoh, 1998a), or 5-HT (Fig. 6; Kanoh et al., 1998)
after reserpine treatment restores strial K*-NPPase
activity.

For controls of negative enzyme reactivity, strial K*-
NPPase activity was investigated after incubation with
10 mM ouabain, substrate free medium, and K* was
replaced with Na* from the incubation medium.

Discussion

Ouabain-sensitive, K*-dependent, Nat/K*-ATPase
participates in the active transport of Na* and K* ions
involved in ionic and fluid homeostases throughout the
body (Albers et al., 1989). For determination of the
localization of Na*/K*- ATPase, a number of
histochemical studies have been performed. Nakai and
Hilding (1966) and Nomura et al. (1970) documented a
positive reaction on the endolymphatic cell surface and
in the intercellular spaces between the marginal and
intermediate or basal cells by the modified method of
Wachstein and Meisel (1957) using adenosine
triphosphate (ATP) as a substrate. However, because of
the non-enzymatic, lead-catalyzed hydrolysis of ATP in
the reaction conditions and the existence of nucleotides
in the reaction product, their results did not reflect the
exact localization of Nat/K+-ATPase activity. Mees
(1983) was the first to successfully demonstrate K*-
NPPase activity (Judah et al., 1962) in the stria
vascularis by the strontium method of Ernst (1972a,b).
Kobayashi et al. (1985) also obtained the same results by

Fig. 1. Normal
animal. The
fine reaction
product of K*-
NPPase activity
is localized to
the cytoplasmic
side of the
basolateral
infoldings of
cochlear strial
marginal cells.
Bar: 1 um.

Fig. 2.
Reserpinized
animal.
Reaction
product is
almost
undetectable.
Bar: 1 um.
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the lead-based method of Mayahara et al. (1980), and
recently they confirmed their data by their own cerium-
based method (1987). Thus, the localization of K*-
NPPase activity was established to the plasma
membrane of the basolateral infoldings of the marginal
cells. Our findings in untreated normal animals were
consistent with these previous reports.

The cytochemical methods can be used to determine
positive or negative K*-NPPase reactivity. If the enzyme
reaction product is undetectable, then K*-NPPase
reactivity is extremely low. If the K*-NPPase reactivity
is markedly increased, then the reaction product will be
detectable, as in the normal state. However,
cytochemistry is said not to be useful for detecting

Fig. 3. Dopamine treatment. Reaction product is unobserved. Bar: 1 um.

Fig. 4. EP treatment after reserpinization. Reaction product is detectable. Bar: 1 um

Fig. 5. NE treatment after reserpinization. Reaction product is observed. Bar: 1 um.

Fig. 6. 5-HT after reserpinization. Reaction product is distributed in strial marginal cells. Bar: 1 um.
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increases in K*-NPPase activity. This study developed a
two-step cytochemical procedure for detecting increases
in K*-NPPase activity. In the first step, the target agents
(catecholamines and 5-HT) are administered alone and
the enzyme activity is determined. When enzyme
reactivity is proven positive, the second step is
performed; the target agents (catecholamines and 5-HT)
are administered following reserpinization. Enzyme
activity is again examined. If the reactivity is now
positive, then these target agents must have increased the
enzyme reactivity.

Pharmacologically, reserpine releases biological
amines such as NE, EP, dopamine, and 5-HT from
storage or binding sites in the central and peripheral
nervous system. Thus, high doses of reserpine induce the
depletion of these amines, inhibit their reabsorption at
the storage sites, and prevent their reassociation at the
binding sites. In our previous studies, transporting
Nat/K*-ATPase activity on the internodal axolemma of
the guinea pig facial nerve was found to be decreased
after reserpinization (Kanoh, 1997), the Kt
concentration of the cochlear endolymph was found to
be decreased 24 h after reserpine administration (Kanoh
and Makimoto, 1984), and strial K*-NPPase activity was
almost completely attenuated from day 3 to day 20 after
reserpinization (Kanoh et al., 1993; Kanoh, 1994). The
dose of reserpine used (10 mg/kg) was thought to be
sufficient to completely abolish catecholamine activity
(Wakade, 1980). These experiments were performed
with 17 guinea pigs to allow for an optimal experimental
protocol, six animals subsequently died. Clinically,
reserpine is employed for the treatment of hypertension.
The dosage employed in the present experiments is 500
to 1000 times higher than the clinical dosage. In a pilot
study of reserpinized animals, the systolic and diastolic
blood pressures in the femoral artery decreased to 66.6%
and 75.1% of normal levels, respectively, one day after
reserpine administration. These values rose to essential
normal levels by day seven. Therefore, day 10 after
reserpine administration represents a reasonable
checkpoint for evaluating the effects of reserpine and
catecholamines on K+-NPPase activity.

The purpose of this study was to evaluate the
cytochemical effects of catecholamine depletion on strial
Nat/K*-ATPase activity, and to clarify the relationship
between strial K*-NPPase activity and exogenous
catecholamines as well as 5-HT. Table 1 summarizes
previous reports on the administration of various
biogenic amines and our data regarding the effects of
catecholamines and 5-HT administration following
reserpinization on strial K*-NPPase activity. Strial K*-
NPPase activity after five repeated doses of NE or 5-HT
was found to be almost positive. L-threo-DOPS (L-
threo-3,4-dihydroxyphenylserine), an L-NE precursor
(Sasa et al., 1987), also showed positive reactivity for
K*-NPPase (Kanoh and Nomura, 1995). Thus, the
observations of NE treatment support the results on
DOPS. However, a high dose of dopamine hydrochloride
was found to induce negative enzyme reactivity (Kanoh,

1995). NE, DOPS, or 5-HT administration after
reserpinization led to positive strial K*-NPPase activity,
showing that these agents were able to restore activity.
Although the subunits of strial K*-NPPase are different
from those in the kidney and brain (Shyjan and
Levenson., 1989; Ryan and Watts, 1991; Watts et al.,
1991), our findings indicate that NE and 5-HT increased
strial Nat/K*-ATPase activity, and that dopamine
decreases Nat/K*-ATPase activity, as in the kidney and
brain. In the near future, these findings will be clinically
useful for investigating the pathogenesis of
endolymphatic hydrops in Meniere's disease.
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