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Abstract

 

To determine whether ouabain-like compound (OLC) exerts

modulatory influences on the activity of vasomotor neurons

in the rostral ventrolateral medulla (RVLM), we examined

the effects of microinjecting ouabain, digoxin-specific anti-

body Fab fragments, and mAb against ouabain on the rat

RVLM. Microinjection of ouabain into the unilateral RVLM

of anesthetized normotensive rats elicited dose-dependent

increases in mean arterial pressure (MAP) and renal sympa-

thetic nerve activity (RSNA). The pressor and sympathoex-

citatory effects of ouabain in the RVLM were reversed by

 

microinjections of an M

 

2

 

 muscarinic antagonist, gallamine,

or digoxin-specific antibody Fab fragments. Furthermore, a

prior microinjection in the RVLM of gallamine, digoxin-

specific antibody Fab fragments, or kainic acid or intrave-

nous injection of hexamethonium all prevented the pressor

and sympathoexcitatory effects induced by a subsequent

microinjection of ouabain. Microinjections of either digoxin-

specific antibody Fab fragments or gallamine per se signifi-

cantly decreased baseline MAP and RSNA. Injection of

digoxin-specific antibody Fab fragments attenuated the ef-

fects of a subsequent injection of gallamine. Microinjection

of mAb against ouabain, but not nonspecific IgG, also sig-

nificantly decreased baseline MAP and RSNA. These re-

sults suggest that OLC in the RVLM contributes to the tonic

activity of vasomotor neurons in anesthetized normotensive

rats, and the action of OLC in the RVLM is at least partly

mediated by M

 

2

 

 muscarinic mechanisms. (

 

J. Clin. Invest.

 

1997. 99:2791–2798.) Key words: Na
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tors 
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Introduction

 

Na

 

1

 

, K

 

1

 

-ATPase is ubiquitously distributed in all cells for the
maintenance of cellular homeostasis. In excitable tissues, espe-

cially in the nervous system, Na

 

1

 

, K

 

1

 

-ATPase activity is essen-
tial for the regulation of membrane potential and is responsi-
ble for cell excitability and neurotransmitter release. Evidence
suggests that endogenous digitalis-like inhibitors of Na

 

1

 

, K

 

1

 

-
ATPase exist in the plasma, urine, and/or tissue of different
mammalian species, including humans, and contribute to the
regulation of Na

 

1

 

, K

 

1

 

-ATPase activity and the pathogenesis of
volume-dependent hypertension (1–3). Ludens et al. (4) re-
ported that an endogenous digitalis-like factor purified from
human plasma was plant ouabain or its stereoisomer (ouabain-
like compound, OLC).

 

1

 

 It was subsequently confirmed that
the human plasma OLC and bovine hypothalamic Na

 

1

 

, K

 

1

 

-
ATPase inhibitors were structurally identical substances which
closely resembled ouabain (5, 6). Thus OLC is a strong candi-
date for a putative digitalis-like inhibitor. However, its physio-
logical roles still remain to be elucidated.

The hypertensinogenic actions of OLC are thought to be
mediated by effects on cardiovascular structure (7–9) and the
sympathetic nervous system (10). In spontaneously hyperten-
sive rats (11) and Dahl salt-sensitive rats (12), the central ner-
vous system seems to be the site where the OLC exerts its hy-
pertensinogenic effects. In support of this view, Takahashi et
al. demonstrated by using mAb against ouabain (named
T8B11) that ouabain-like immunoreactive substances predom-
inantly exist in the paraventricular nucleus of the rat hypothal-
amus (13). Using the antibody, we noticed the existence of
ouabain-like immunoreactivities in the rostral ventrolateral
medulla (RVLM) of rats (14). The RVLM neurons are critical
for the central regulation of sympathetic activity (15–17). Ace-
tylcholine plays a major role in the regulation of the tonic ac-
tivity of the RVLM neurons via M

 

2

 

 muscarinic receptors, and
the RVLM may be the central hypertensive site for these cho-
linergic mechanisms (18, 19). Furthermore, ouabain induces
acetylcholine release from brain cholinergic synaptosomes in
vitro (20–22). Thus, we hypothesize that the OLC contributes
to the tonic activity of RVLM neurons via cholinergic mecha-
nisms. In this study, we examined the effects of ouabain,
digoxin-specific antibody Fab fragments (Digibind; Burroughs
Wellcome and Co., London, United Kingdom), and mAb
T8B11 microinjected into the RVLM of anesthetized normo-
tensive rats.

 

Methods

 

Animals.

 

Male Sprague-Dawley rats were purchased from Charles
River Japan, Inc. and fed standard laboratory rat chow and tap water
ad libitum. All of the procedures were in accordance with the Na-
tional Institutes of Health guidelines for the care and use of labora-
tory animals. The protocol was approved by the Animal Care and
Use Committee of the University of the Ryukyus.

 

Part of this study was presented at the 18th Annual Meeting of the
Japanese Society of Hypertension, Tokyo, Japan, in October 1995,
and has appeared in abstract form (1995. 

 

Hypertens. Res.

 

 18:331).
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 CSF, cerebrospinal fluid; L-Glu,

 

l

 

-glutamate; MAP, mean arterial pressure; OLC, ouabain-like com-
pound; RSNA, renal sympathetic nerve activity; RVLM, rostal ven-
trolateral medulla.
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Animal preparation.

 

At 7–8 wk of age, rats (240–340 g) were
anesthetized with intraperitoneal injections of 1.3 g/kg of urethane.
Body temperatures were kept within 37

 

6

 

1

 

8

 

C using a heating pad.
The femoral artery and veins were cannulated for the measurement
of arterial pressure and the administration of drugs, respectively.
Rats were fixed on a stereotaxic frame (Narishige Scientific Instru-
ments, Tokyo, Japan) in a supine position. The distal trachea was can-
nulated and connected to a ventilator (model 683; Harvard Appara-
tus Inc., South Natick, MA). Arterial blood gases and pH were kept
within normal limits by artificial ventilation. Then the left kidney was
exposed via a transperitoneal approach. A branch of the renal nerves
was placed on a bipolar silver wire electrode (7855; A-M Systems,
Inc., Everett, WA). The nerve and the electrode were embedded in
silicone gel (Sil-Gel 604; Wacker Siltronic GmbH,

 

 

 

Munich, Ger-
many). The original renal nerve signals were amplified and filtered
between 30 and 1,000 Hz (DPA-100E; Dia Medical System, Tokyo,
Japan). The amplified nerve pulses were counted with a spike-
counter (DSE-325A; Dia Medical System). At the end of each exper-
iment, 40 mg/kg of hexamethonium was intravenously injected to
evaluate the amount of background noise during renal sympathetic
nerve activity (RSNA) measurements. The baseline value of RSNA
(spikes/s) in each rat was designated as 100%, and changes in RSNA
were expressed as a percentage of the resting value (%

 

D

 

RSNA).

 

Microinjection procedure.

 

Multibarrel glass micropipettes with
tip diameters of 20–50 

 

m

 

m were used for microinjections. The inner
surface was coated with silicone (Sigmacote; Sigma Chemical Co., St.
Louis, MO). After the ventral surface of the medulla oblongata was
exposed, the RVLM was identified by an unilateral injection of 2 nmol
of 

 

l

 

-glutamate (L-Glu) based on the modified criteria outlined in our
previous studies (23) as follows: (

 

a

 

) the latency of the onset of
changes in BP produced by L-Glu was no more than 5 s; (

 

b

 

) the re-
sponse plateau occurred within 20 s after the microinjection of L-Glu;
and (

 

c

 

) the change in mean arterial pressure (MAP) was at least 25
mmHg. The RVLM was located 0.6–0.8 mm ahead of the most rostral
rootlet of the hypoglossal nerve, 1.8–1.9 mm lateral to the midline,
and 0.6–0.8 mm below the ventral surface. The preparation and mi-
croinjection procedures have been described in detail elsewhere (24).

 

Drug administration.

 

Drugs other than immunoglobulins were all
dissolved in artificial cerebrospinal fluid (CSF) (133.3 mmol/liter
sodium chloride, 3.4 mmol/liter potassium chloride, 1.3 mmol/liter cal-
cium chloride, 1.2 mmol/liter magnesium chloride, 0.6 mmol/liter so-
dium dihydrogen orthophosphate, 32.0 mmol/liter sodium bicarbon-
ate, and 3.4 mmol/liter glucose). Immunoglobulins such as the Fab
fragments, mAb T8B11, and nonspecific IgG were dissolved in dis-
tilled water to maintain isotonicity. Drugs were microinjected unilat-
erally into the RVLM over a 30-s period. The injection volume was 50
nl. The volume was measured by observing the fluid meniscus
through a microscope equipped with a reticule. All experimental pro-
tocols were performed in separate groups of rats, except that artificial
CSF of control vehicle was injected in the same rat. Pretreatments by
some drugs in the RVLM were performed 5 min before microinjec-
tion of later drugs except for pretreatment by the Fab fragments,
which was performed 15 min before because plateau response at-
tained by microinjection of the Fab fragments needed 12 min in con-
trast to 3 min by that of ouabain. Drugs were microinjected once ex-
cept for mAb T8B11, which was microinjected twice. In experiments
testing effects of ouabain or digoxin-specific antibody Fab fragments,
5 nl of an emulsion of Alcian blue dye was injected from a separate
barrel of the multibarrel pipette to mark the site of injection.

 

Inhibition of Na

 

1

 

, K

 

1

 

-ATPase in the RVLM.

 

The effects of mi-
croinjecting 1, 10, and 100 ng of ouabain into the RVLM were exam-
ined. The effects of nonspecific inhibition of Na

 

1

 

, K

 

1

 

-ATPase in the
RVLM were also examined by microinjection of 0.05 nmol of melit-
tin, a nonspecific inhibitor of Na

 

1

 

, K

 

1

 

-ATPase. The effects of oua-
bain on MAP were also examined after ganglionic blockade by intra-
venous injection of 40 mg/kg of hexamethonium. In this setting,
baseline MAP was maintained by intravenous infusion of phenyleph-
rine. Furthermore, to exclude the possibility that ouabain acts on the

nerve fibers in the passage in the RVLM, 10 ng of ouabain was micro-
injected 5 min after local pretreatment with 1 nmol of kainic acid, an
effective cell body neurotoxin (25). In a preliminary experiment using
three rats, the pressor and sympathoexcitatory responses to microin-
jection of L-Glu into the RVLM were completely abolished 5 min af-
ter local pretreatment with kainic acid.

 

Prevention and reversal of the effects of exogenously administered

ouabain by an M

 

2

 

 muscarinic antagonist or digoxin-specific antibody

Fab fragments.

 

In a preliminary study, a prior injection of 2 nmol of
atropine into the RVLM attenuated the subsequent response to mi-
croinjection of 10 ng of ouabain compared with artificial CSF pre-
treatment (

 

D

 

MAP: 5

 

6

 

2 vs. 14

 

6

 

1 mmHg,%

 

D

 

RSNA: 10

 

6

 

3 vs. 53

 

6

 

11%,

 

P

 

 

 

,

 

 0.01, 

 

n

 

 

 

5

 

 7). The digoxin-specific antibody Fab fragments are re-
ported to neutralize ouabain or the digitalis-like factor obtained from
umbilical cord blood (26), and to block the central effects of ouabain
or rat hypothalamo-pituitary extracts containing OLC (27). There-
fore, we examined whether microinjection of 2 nmol of gallamine (an
M

 

2

 

 muscarinic antagonist (28)) or 0.75 

 

m

 

g of the Fab fragments could
prevent or reverse the effects of exogenous ouabain in the RVLM.
The dosage of the Fab fragments was chosen to neutralize (26) or
block the effects of 10 ng of ouabain (27).

 

Effects of blocking the OLC in the RVLM, and interaction be-

tween the OLC and M

 

2

 

 muscarinic mechanism.

 

Microinjection of 0.75

 

m

 

g of the Fab fragments or 0.4 

 

m

 

g of mAb T8B11 was performed to
examine the possible actions of the OLC in the RVLM. The mAb
was injected twice (0.2 

 

m

 

g each time) into the RVLM, 3 min apart.
The concentration of the mAb (0.2 

 

m

 

g/50 nl) was chosen because its
oncotic pressure was close to that of interstitial fluid. In addition, in a
preliminary experiment, we noticed only a subtle effect when 0.2 

 

m

 

g
of mAb T8B11 was injected once, whereas substantial depressor and
sympathoinhibitory effects were evoked with good reproducibility
when the mAb was injected twice. In the series of experiments using
the Fab fragments and mAb T8B11, microinjection of nonspecific
IgG served as controls. Single injection of nonspecific IgG was done
in seven rats and repeated injections of nonspecific IgG was done in
four rats. To determine whether the cardiovascular effects of the
OLC in the RVLM were mediated by a cholinergic mechanism, 2
nmol of gallamine was microinjected (

 

a

 

) solely; (

 

b

 

) after microinjec-
tion of 10 ng of ouabain; or (

 

c

 

) after microinjection of 0.75 

 

m

 

g of the
Fab fragment.

Furthermore, to know if the effects of blocking the OLC in the
RVLM were observed only in rats anesthetized with urethane, the
Fab fragments (

 

n

 

 

 

5

 

 6) and nonspecific IgG (

 

n

 

 

 

5

 

 5) were microin-
jected into the unilateral RVLM of rats anesthetized with propofol
(29–31), which is structurally unrelated to urethane. In these experi-
ments, anesthesia was induced with intraperitoneal injection of so-
dium pentobarbital (50 mg/kg). Right femoral artery and bilateral
femoral veins were cannulated for monitoring arterial pressure and
drug administration, respectively. As the effects of the sodium pento-
barbital began to disappear, propofol (Diprivan; ZENECA Pharma-
ceuticals, Osaka, Japan) was infused at a rate of 50 mg/kg/h for sur-
gical procedures and at a rate of 30 mg/kg/h during the medullary
microinjections. The remaining animal preparations and microinjec-
tion procedures were the same as in the urethane-anesthetized exper-
iments.

 

Histological analysis.

 

At the completion of each experiment, rats
were intravenously given 50 mg of pentobarbital sodium and then
perfused transcardially with 150 ml of 0.9% sodium chloride followed
by 150 ml of 10% phosphate-buffered formalin. The brainstem was
removed, stored overnight in 10% phosphate-buffered formalin, and
then transferred to a fixative containing 30% sucrose. Frozen brain
tissue was sectioned in the coronal plane (50 

 

m

 

m) and stained with
neutral red. Microinjection sites were identified by the deposition of
Alcian blue dye and referred to standard anatomical structures of the
caudal brain stem according to the atlas of Paxinos and Watson (32).

 

Statistical analysis.

 

Results are expressed as means

 

6

 

SEM. Com-
parisons between two observations in the same animal were assessed
by the Student’s paired 

 

t

 

 test, and comparisons between two observa-
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tions from different animals were assessed by the unpaired 

 

t

 

 test. Fac-
torial experiments were analyzed by ANOVA. 

 

P

 

 

 

,

 

 0.05 was consid-
ered to be statistically significant.

 

Results

 

Inhibition of Na

 

1

 

, K

 

1

 

-ATPase in the RVLM.

 

The mean base-
line value of MAP in rats used for the microinjection experi-
ments was 87

 

6

 

2 mmHg. Microinjections of 1, 10, and 100 ng of
ouabain into the unilateral RVLM elicited increases in MAP
and RSNA. The magnitude of the peak responses in MAP and
RSNA were dose dependent (Fig. 1) whereas artificial CSF in-
jected before the microinjection of each dose of ouabain had
negligible effects (Fig. 1). Sites where microinjections of oua-
bain produced pressor and sympathoexcitatory responses were
sites where injection of L-Glu also evoked increases in BP and
RSNA. Fig. 2 shows a composite of the locations where both
ouabain and L-Glu increased BP and RSNA. Pressor and sym-
pathoexcitatory responses were produced by injection of oua-
bain in an area encompassing the dorsolateral aspect of the

lateral paragigantocellular nucleus (LPGi) and a region dorso-
lateral to the LPGi. This area lies at the caudal end of the
facial nucleus. The pressor responses produced by 10 ng of
ouabain occurred within at least 30 s. The pressor and sym-
pathoexcitatory responses evoked by 10 ng of ouabain consis-
tently lasted for at least 30 min (Fig. 3 

 

a

 

). The onset times and
response plateau of BP response to ouabain microinjection are
summarized in Table I. Although peak responses to 100 ng of
ouabain were greater than those to smaller doses, two of the
seven rats receiving 100 ng of ouabain had long-lasting reduc-
tions in MAP and RSNA preceded by the initial pressor and
sympathoexcitatory responses. Thus, the dose of ouabain was
fixed to 10 ng in experiments examining the interactions be-
tween ouabain and other drugs. Nonspecific inhibition of Na

 

1

 

,
K

 

1

 

-ATPase by microinjection of melittin also elicited long-
lasting increases in MAP and RSNA, similar to the responses
induced by ouabain (data not shown).

Ganglionic blockade by intravenous administration of hexa-
methonium abolished the pressor response induced by oua-
bain in the RVLM after returning MAP to baseline levels by
the intravenous infusion of phenylephrine (Fig. 3 

 

b

 

).
Microinjection of kainic acid into the RVLM promptly in-

creased MAP by 20–40 mmHg, and then decreased MAP.
Within 

 

z

 

 5 min, MAP reached a minimum (

 

2

 

8

 

6

 

3 mmHg be-
low baseline MAP, 

 

n

 

 

 

5

 

 5) and stabilized for at least 5 min. Af-
ter that MAP gradually increased again and often exceeded
baseline MAP. Since the increase in MAP evoked by the mi-

Figure 1. Changes in MAP and percentage changes in RSNA pro-
duced by microinjections of ouabain (1–100 ng, solid bars) or artificial 
CSF (open bars, control) into the unilateral RVLM. Microinjections 
of ouabain caused significant dose-dependent increases in MAP (P , 
0.001) and RSNA (P , 0.05) as shown by ANOVA. The numbers in 
parentheses represent the number of observations in each group.
*P , 0.05, ‡P , 0.01, compared with their respective controls. Data 
represent mean6SEM.

Figure 2. Injection sites of oua-
bain (solid circles, n 5 8) or 
digoxin-specific antibody Fab 
fragments (solid triangles, n 5 8) 
in ventrolateral medulla oblon-
gata. Distances from interaural 
line are on the left side of the 
figure. Amb, nucleus ambigu-
ous; LPGi, lateral paragiganto-
cellular nucleus; Gi, gigantocel-
lular reticular nucleus; py, 
pyramidal tract; nTS, nucleus 
tractus solitarius; Sp5, spinal 
trigeminal nucleus according to 
Paxinos and Watson (32).

 

Table I. Time Course of Pressor or Depressor Effect of 
Ouabain, Digoxin-specific Antibody Fab Fragments, and mAb 
T8B11 Microinjected into the Unilateral RVLM

 

Drugs (dose)

 

n

 

Onset times Response plateau

 

Ouabain (10 ng) 8 13

 

6

 

3.3 s 3

 

6

 

0.3 min

Fab fragments (0.75 

 

m

 

g) 10 3

 

6

 

0.5 min 12

 

6

 

0.6 min

mAb T8B11 (0.4 

 

m

 

g) 8 5

 

6

 

0.2 min 17

 

6

 

1.5 min

Data represent mean

 

6

 

SEM.
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croinjection of 10 ng of ouabain into the RVLM reached a pla-
teau level within 5 min, ouabain injection after pretreatment
with kainic acid was performed 5 min after the first injection of
the neurotoxin. Then the changes in MAP and RSNA from
the minimum to the values 5 min after the ouabain injection

were measured. Pretreatment of the RVLM with kainic acid
totally blocked increases in MAP and RSNA induced by oua-
bain, whereas pretreatment with artificial CSF preserved the
ouabain-induced responses (Fig. 4).

 

Prevention and reversal of the effects of exogenously admin-

istered ouabain by an M

 

2

 

 muscarinic antagonist or digoxin-spe-

cific antibody Fab fragments. The pressor and sympathoexci-
tatory effects induced by microinjecting 10 ng of ouabain into
the RVLM were significantly attenuated by prior microinjec-
tions of 2 nmol gallamine or 0.75 mg of the Fab fragments,
while pretreatment with 0.75 mg of nonspecific IgG did not af-
fect ouabain-induced increases in MAP and RSNA (Fig. 4).
Furthermore, when gallamine was microinjected into the
RVLM after the ouabain-induced pressor response reached a
plateau level, MAP and RSNA began to decrease promptly
within 30 s (Fig. 5 a). However, elevated BP and RSNA in-
duced by the injection of ouabain began to decrease gradually
z 3 min after the microinjection of the Fab fragments (Fig. 5 b).
The magnitude of MAP responses to L-Glu injection was not
altered by local pretreatment with gallamine (2761 mmHg be-
fore pretreatment and 3064 mmHg after pretreatment, n 5 7),
the Fab fragments (2961 mmHg before pretreatment and
2963 mmHg after pretreatment, n 5 7), or mAb T8B11 (2661
mmHg before pretreatment and 2762 mmHg after pretreat-
ment, n 5 8). Thus gallamine, the Fab fragments, and mAb
T8B11 did not exert local anesthetic action in the RVLM.

Figure 3. Traces of arterial pressure (AP), 
MAP, and RSNA in response to microin-
jections of drugs into the unilateral 
RVLM. L-Glu (2 nmol) was microinjected 
to verify precise placement of the micropi-
pette in the RVLM. (a) Microinjection of 
ouabain (10 ng) caused long-lasting in-
creases in MAP and RSNA. (b) The pres-
sor effect of ouabain (10 ng) was com-
pletely abolished after ganglion blockade 
by the intravenous administration of hexa-
methonium (C6, 40 mg/kg). Baseline MAP 
was maintained by continuous intravenous 
infusion of phenylephrine.

Figure 4. Changes in MAP and percentage changes in RSNA pro-
duced by the microinjection of ouabain (10 ng) into the unilateral 
RVLM after pretreatment with gallamine (Gal, 2 nmol), digoxin-
specific antibody Fab fragments (Fab, 0.75 mg), kainic acid (KA, 1 
nmol) (solid bars), or two controls (open bars); artificial CSF and 
nonspecific IgG. The numbers in parentheses represent the number 
of observations in each group. *P , 0.05, ‡P , 0.01, compared with 
their respective controls. Data represent mean6SEM.
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Effects of blocking the OLC in the RVLM, and interaction

between the OLC and M2 muscarinic mechanism. Microinjec-
tions of the Fab fragments per se significantly decreased MAP
and RSNA (DMAP: 21062 mmHg, P , 0.001,%DRSNA:
21863%, P , 0.001, n 5 10), while nonspecific IgG did not
(DMAP: 262 mmHg,%DRSNA: 764%, n 5 11). Because the
effects of single injection and repeated injections of nonspe-
cific IgG were similar, we combined the data. Fig. 2 shows a
composite of the locations where the Fab fragments produced
depressor and sympathoinhibitory responses and L-Glu pro-
duced pressor and sympathoexcitatory responses. The Fab
fragments caused decreases in BP and RSNA when injected in
an area similar to that in which ouabain increased BP and
RSNA. Microinjection of mAb T8B11 also significantly de-
creased MAP and RSNA (DMAP: 21062 mmHg, P , 0.001,
%DRSNA: 21463%, P , 0.01, n 5 8) with a similar time
course to that of the Fab fragments (Fig. 6). Table I summa-
rizes the onset time and response plateau of the BP responses
evoked by microinjections of the Fab fragments and mAb
T8B11. The depressor and sympathoinhibitory effects of the
Fab fragments and mAb T8B11 lasted for at least 30 min.
In the rats anesthetized with propofol, microinjections of
the Fab fragments also significantly decreased MAP and
RSNA (DMAP: 21162 mmHg, P , 0.01, %DRSNA: 22165%,
P , 0.05), while nonspecific IgG did not (DMAP: 2262
mmHg,%DRSNA: 166%). The depressor and sympathoin-

hibitory effects evoked by the Fab fragments lasted for at least
30 min. The responses to microinjection of L-Glu were pre-
served after the delivery of the Fab fragments.

Microinjection of gallamine alone into the RVLM signifi-
cantly decreased MAP and RSNA (Fig. 7, a and d). Local pre-
treatment with ouabain in the RVLM significantly elevated
the baseline MAP and RSNA, and enhanced the magnitude of
depressor and sympathoinhibitory responses of gallamine (Fig.
7, b and e). Conversely, blockade of OLC in the RVLM with
the Fab fragments significantly decreased the baseline MAP
and RSNA, and attenuated the magnitude of gallamine-induced
decreases in MAP and RSNA (Fig. 7, c and f). Baseline MAP
levels, MAP level or RSNA changes attained by microinjec-
tions of gallamine alone, gallamine after pretreatment with
ouabain, and gallamine after pretreatment with the Fab frag-
ments were similar among three groups (Fig. 7).

Discussion

In this study, ouabain microinjected into the RVLM acted as a
sympathoexcitatory agent and increased BP and RSNA.
Blockade of M2 muscarinic receptors with gallamine antago-
nized the actions of ouabain. Furthermore, blocking the ac-
tions of the OLC in the RVLM with digoxin-specific antibody
Fab fragments or mAb T8B11 caused depressor and sym-
pathoinhibitory responses in normotensive rats. Pretreatment

Figure 5. Traces of arterial pressure (AP), 
MAP, and RSNA in response to microin-
jections of drugs into the unilateral 
RVLM. L-Glu (2 nmol) was microinjected 
to verify precise placement of the micropi-
pette in the RVLM. (a) The effects of oua-
bain (10 ng) were rapidly reversed by the 
microinjection of gallamine (2 nmol). (b) 
The effects of ouabain (10 ng) were gradu-
ally reversed by the microinjection of 1.5 
mg (0.75 mg 3 2) of digoxin-specific anti-
body Fab fragments (Fab).
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with the Fab fragments also significantly attenuated the de-
pressor and sympathoinhibitory effects of gallamine microin-
jected into the RVLM. These results suggest that the OLC in
the RVLM contributes to the tonic activity of vasomotor neu-
rons, and the actions of the OLC in the RVLM are at least
partly mediated by M2 muscarinic mechanisms in anesthetized
normotensive rats.

Ouabain injected into the RVLM elicited dose-dependent
increases in MAP and RSNA. This finding is in accordance
with a previous report (33) in which microinjections of oua-
bain into the lateral reticular nucleus of cats caused a dose-
dependent pressor effect. Histological analysis of ouabain-
responsive sites in the RVLM placed them in a region known
as the ventrolateral pressor area (34), or subretrofacial nucleus
(35). This region contains neurons which project to sympa-
thetic preganglionic neurons of the intermediolateral cell col-
umn (36, 37). The effects of ouabain may be due to the inhibi-
tion of Na1, K1-ATPase in the RVLM, because nonspecific
inhibition of Na1, K1-ATPase by melittin, an amphipathic
helical polypeptide (38), caused similar effects. Although mi-
croinjection of 100 ng of ouabain elicited depressor and sym-
pathoinhibitory responses preceded by initial pressor and sym-
pathoexcitatory responses in two out of seven rats, these
responses were probably attributable to profound distur-
bances in the ionic homeostasis (39) or the neuronal toxicity of
ouabain (40). The pressor response induced by ouabain was
derived through stimulation of sympathetic efferent activity
because ganglionic blockade abolished the pressor response
induced by ouabain in the RVLM. The actions of ouabain in
the RVLM required intact cell bodies in this region, and were
not attributed to stimulation of fiber in the passage. This is
based on the observation that pretreating the RVLM with
kainic acid totally blocked increases in MAP and RSNA in-
duced by the microinjection of ouabain. Kainic acid is thought
to selectively antagonize synaptic transmission by depolarizing
the neuronal cell body (25) without affecting axonal conduc-
tion (41). 

Acetylcholine acts on M2 muscarinic receptors in the RVLM
to exert a pressor response (18, 19). Microinjection of gal-
lamine, an M2 muscarinic antagonist, successfully prevented or
reversed the pressor and sympathoexcitatory responses in-
duced by ouabain in the RVLM, while responses to L-Glu
were preserved after the delivery of gallamine. Furthermore,
the depressor and sympathoinhibitory effects of gallamine
were enhanced by a prior injection of ouabain into the RVLM,
whereas the effects of gallamine were attenuated by a prior in-

Figure 6. Traces of arte-
rial pressure (AP), MAP, 
and RSNA in response to 
microinjection of 0.4 mg 
(0.2 mg 3 2) of mAb 
against ouabain into the 
unilateral RVLM. L-Glu 
(2 nmol) was microin-
jected to identify the pre-
cise placement of the mi-
cropipette in the RVLM, 
and to examine if the re-
sponsiveness of RVLM 
neurons was preserved 
after microinjection of 
the mAb. Note that the 
magnitude of the pressor 
response to L-Glu was 
similar between the L-Glu 
injections performed be-
fore and after the micro-
injection of the mAb.

Figure 7. Baseline levels (open bars) of MAP and RSNA, and final 
levels (hatched bars) of MAP and RSNA produced by microinjec-
tions of (a, d) gallamine alone (2 nmol, n 5 8), (b, e) gallamine after 
pretreatment with ouabain (10 ng, n 5 8), or (c, f) gallamine after 
pretreatment with digoxin-specific antibody Fab fragments (0.75 mg, 
n 5 6) into the unilateral RVLM. MAP and RSNA significantly de-
creased after microinjection of gallamine alone into the RVLM
(*P , 0.01) (a, d). MAP and RSNA significantly elevated after pre-
treatment with ouabain (solid bars) (‡P , 0.01), and significantly de-
creased when gallamine was microinjected after ouabain (§P , 0.01) 
(b, e). MAP and RSNA significantly decreased after pretreatment 
with the Fab fragments (dotted bars) (¶P , 0.05), and both parame-
ters did not show further decrease when gallamine was microinjected 
after the Fab fragments (N.S.) (c, f). The baseline value of RSNA in 
each rat was designated as 100%. Data represent mean6SEM.
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jection of the Fab fragments. These results suggest that the ef-
fects of ouabain and the OLC in the RVLM are at least partly
mediated by M2 muscarinic mechanisms. Cardiac glycosides
including ouabain enhance the release of acetylcholine from
parasympathetic nerve endings (42). In the brain, ouabain
was reported to induce the release of acetylcholine from corti-
cal synaptosomes in vitro (20–22). Because acetylcholine is
thought to inhibit local inhibitory neurons in the RVLM (43),
we speculate that the sympathoexcitatory actions of ouabain in
the RVLM could be attributable to increased acetylcholine re-
lease which in turn results in an inhibition of an inhibitory in-
put to the vasomotor neurons. In support of this speculation, a
preliminary ultrastructural study demonstrated that the major-
ity of synaptic contacts made by cholinergic terminals on
RVLM neurons appear to be of the inhibitory type (44). How-
ever, the possibility that ouabain in the RVLM directly stimu-
lates postsynaptic receptor sites or postreceptor mechanisms
cannot be overlooked.

In this study, the Fab fragments antagonized the pressor
and sympathoexcitatory effects of ouabain microinjected into
the RVLM. Furthermore, microinjection of the Fab fragments
or mAb T8B11 into the RVLM significantly decreased base-
line MAP and RSNA. Because the depressor and sympathoin-
hibitory effects of blocking the OLC in the RVLM were ob-
served in rats anesthetized with both urethane and with
propofol, these effects were not specific for certain anesthesia.
Histological examination revealed clear overlap of sites where
microinjections of the Fab fragments produced depressor and
sympathoinhibitory responses and sites where microinjection
of ouabain evoked increases in BP and RSNA. However, mi-
croinjection of nonspecific IgG into the RVLM did not affect
baseline MAP or RSNA, nor responses to subsequent micro-
injections of ouabain. Also, microinjections of nonspecific Fab
fragments into the RVLM did not affect baseline MAP and
RSNA (our unpublished observation). The mAb T8B11,
which recognizes the pharmacologically active portion of oua-
bain and cross-reacts with ouabain-like K1-rival type Na1, K1-
ATPase inhibitory substances consisting of the cis-linked D
ring and the functional groups at positions C13, C14, and C17
(45), is subclassified as murine IgG2b kappa and neutralizes
the biological activity of ouabain. The mAb T8B11 does not
cross-react with classic adrenocortical steroids, sex steroids, or
other K1-nonrival type Na1, K1-ATPase inhibitory substances
such as mAb 249F8 and 278A9 (45). Our results clearly suggest
that the OLC existing in the rat RVLM contributes to the on-
going activity of the local vasomotor neurons. The action of
OLC in the RVLM is also likely to be mediated by the local
M2 muscarinic receptors, because blockade of OLC in the
RVLM with the Fab fragments attenuated the magnitude of
gallamine-induced changes in MAP and RSNA. Our results
are consistent with a notion that acetylcholine is tonically re-
leased in the RVLM (17).

Ouabain inhibits Na1, K1-ATPase activity by binding to its
a subunit. Among three isoforms of a subunit of Na1, K1-
ATPase, a3 isoform, which has about a 1,000-fold higher affin-
ity for ouabain than a1 isoform irrespective of isoforms of b
subunit of this enzyme (46), is a predominant type in the brain
tissue, and local expression of a3 mRNA is much more abun-
dant than that of a1 mRNA in the brainstem (47). Therefore, it
is conceivable that the OLC acts in the medulla oblongata
where the high-affinity isoform of Na1, K1-ATPase is abun-
dant.

The time of the onset of the effects of the Fab fragments in
the RVLM was similar to those of the reversal of digitalis ef-
fects by the Fab fragments in isolated cardiac muscle, that is,
effects occurred within minutes (48). However, reversal of the
effects of the digitalis-like factor, ouabain, or digitalis in eryth-
rocytes has a longer latency, that is, effects occurred within
hours (26, 48). We do not know the precise reason why the
time course of the effects of the Fab fragments differed among
the RVLM neurons, isolated cardiac muscles, and erythro-
cytes. But it may be related to differences in their affinity con-
stants, or in their dissociation rate constants, presumably due
to differences in the a isoforms of Na1, K1-ATPase in these
tissues. Erythrocyte precursors only express a1 mRNA (49),
while neural and myocardial tissues express all three a iso-
forms (50).

In summary, ouabain microinjected into the RVLM elic-
ited hypertensinogenic effects through sympathetic activation
in anesthetized normotensive rats. Integrity of the RVLM neu-
rons was required for the effects of ouabain. Blockade of the
actions of the OLC in the RVLM neurons by digoxin-specific
antibody Fab fragments or mAb against ouabain caused de-
pressor and sympathoinhibitory responses without nonspecific
depression of RVLM neurons. M2 muscarinic blockade antag-
onized the effects of ouabain and the OLC. These findings sug-
gest that the OLC in the RVLM contributes to the tonic activ-
ity of vasomotor neurons in normotensive rats, and the actions
of the OLC in the RVLM are at least partly mediated by M2

muscarinic mechanisms. Studies under conscious unrestrained
state are needed to further elucidate whether the OLC in the
RVLM has a role in physiological conditions as well as certain
pathological conditions.
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