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Effects of ouabain on the pressor response to phenylephrine and on the
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Abstract

The diabetes mellitus insulin-dependent is usually associated with cardiovascular disorders and with changes in the activity of the
Naq,Kq-ATPase. The effects of ouabain, a Naq,Kq-ATPase inhibitor, on the pressor response of 7-day streptozotocin-induced diabetes
were investigated in anesthetized rats and on the vascular reactivity of the perfused rat tail vascular bed. Diabetes was characterized by

Ž .hyperglycemia 86"7.8 vs. 471"18.5 mgrdl without changes in arterial blood pressure. Blood pressure increased after the treatment
with 18 mgrkg ouabain in controls but not in diabetic rats; acute hyperglycemia, in non-treated rats, did not change these effects. Control
tail vascular beds showed increased maximal response to phenylephrine after treatment with 10 nM ouabain for 1 h; this response was
abolished in streptozotocin-treated rats. These rats showed an increased sensitivity to phenylephrine without changing the maximal
vasoconstrictor response when compared to control rats. The relaxation induced by acetylcholine was reduced in diabetic rats. The
functional activity of the Naq,Kq-ATPase was inhibited in vascular beds from diabetic rats, when compared to control rats, and the
inhibition of the Naq,Kq-ATPase with 10 nM ouabain was not effective in these rats. Results suggested that in 7-day diabetic rats, the
increase of arterial blood pressure or the sensitization of the vascular bed produced by ouabain is lost as a consequence of the reduction of
the functional activity of the Naq,Kq-ATPase probably as a result of insulin lack and a deficient endothelial nitric oxide activity. q 2000
Elsevier Science B.V. All rights reserved.
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1. Introduction

The diabetes mellitus insulin-dependent is pathology
characterized by hyperglycemia resulting from a lack of

¨Žinsulin secretion by the pancreatic B-cells Ozturk et al.,¨
.1996 . Also, it has been reported that cardiovascular disor-

Žders, such as hypertension, are associated to diabetes Ep-
stein and Sowers, 1992; Landsberg 1992; Moreau et al.,

.1995 . Moreover, insulin has been shown to modulate
Žvascular reactivity inducing vasodilatation Zemel et al.,

¨ .1992; Ozturk et al., 1996 . This effect is partially linked to¨
the activation of the Naq,Kq-ATPase which seems to

Žcontribute to the vasodilator effect of insulin Ewart and
.Klip, 1995; Gupta et al., 1996; Tack et al., 1996 .

In diabetic rats, besides lack of insulin, the concentra-
Ž .tion of plasma ouabain increases Chen et al., 1993a,b .
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This endogenous compound is an inhibitor of the
q q Ž .Na ,K -ATPase Hamlyn et al., 1982; Blaustein, 1993

and was characterized as an isomer of the digitalis com-
Ž .pound ouabain Mathews et al., 1991 .

The cell membrane enzyme Naq,Kq-ATPase is the
biochemical expression of the electrogenic Naq-pump, and
exchanges 3 Naq for 2 Kq maintaining the resting poten-

Žtial of excitable cells Fleming, 1980; Lingrel, 1992; Skou
.and Esmann, 1992 . The lack of insulin reduces the amount

of units of Naq,Kq-ATPase in the membrane, reducing the
q Ž .Na -pump activity Ver et al., 1997 . Moreover, the asso-´

ciation with increased plasma levels of ouabain would
produce a further reduction in the Naq-pump activity

q Žleading to Na accumulation in the myoplasm Blaustein,
.1988; Blaustein et al., 1991 . This condition reduces the

activity of the NaqrCa2q exchange mechanism and, con-
sequently, increases the amount of activator Ca2q accessi-
ble for contraction in several tissues, such as the vascular

Ž .smooth muscle Rembold et al., 1992 . Since insulin af-
fects the activity of the Naq,Kq-ATPase in several tissues
ŽRaccah et al., 1996; Ver et al., 1997; Banyasz and Kovacs,´ ´ ´ ´
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. Ž1998 , including the vascular smooth muscle Gupta et al.,
.1996; Tack et al., 1996 , its lack, associated with the

plasma ouabain increment, would influence mechanisms
which modulate vascular reactivity and blood pressure,
therefore playing a central role in the development and
maintenance of hypertension.

In this study, pressor responses to phenylephrine were
investigated, before and after ouabain treatment , together
with the evaluation of the functional activity of the
Naq,Kq-ATPase, in anesthetized animals and in the per-
fused rat tail vascular bed from control and strepto-
zotocin-induced diabetic rats.

2. Material and methods

Studies were performed on male Wistar normotensive
rats, weighing 200–300 g. The care and use of the labora-
tory animals were in accordance with NIH guidelines. All
rats had free access to water and were fed with rat chow ad
libitum.

Two main groups of rats were used: controls and 7-day
Žstreptozotocin-treated rats 50 mgrkg of rat diluted in 0.1

.M citrate buffer solution, pH 4.5, i.v. single injection .
Blood glucose was measured by using a hemoglucotest
before and after streptozotocin treatment. Animals which
did not develop hyperglycemia were excluded. All animals
had their blood pressure measured in vivo by using a tail

Ž .cuff method IITC Model 29 Pulse Amplifier, IITC, CA .
With the protocols described below, we investigated

changes of pressor responses to phenylephrine in anes-
thetized rats and in tail vascular beds using ouabain. With
these doses or concentrations this digitalis compound en-

Žhances vascular reactivity, as previously reported Songu-
Mize et al., 1995; Vassallo et al., 1997; Rossoni et al.,

.1999a,b .

2.1. Anesthetized animals

Ž . ŽRats Ns18 were anesthetized with urethane 1.2
.grkg, i.p. supplemented when necessary. The jugular vein

and the femoral artery were dissected for drug infusion and
arterial blood pressure measurements, respectively. Arte-
rial blood pressure was measured by using a pressure

Ž .transducer Gold P23XL connected to a MP 100
Ž .FUNBEC, Sao Paulo amplifier and recorded on a poly-

Ž .graphic recorder RG 300, FUNBEC, Sao Paulo .

2.1.1. Protocol 1: effects of ouabain on the arterial blood
pressure and phenylephrine induced pressor response in
anesthetized rats

The following protocol was used in two groups; con-
Ž . Ž .trols Ns6 and streptozotocin-treated rats Ns6 . Sys-

tolic and diastolic blood pressures were monitored continu-
ously. After a 30-min stabilization period, the pressor
reactivity was tested by injecting increasing concentrations

Ž .of phenylephrine 0.1, 0.4, 0.8 and 1.6 mg administered in
Ž .small volumes 5 ml or less . To investigate if the effects

of ouabain in diabetic rats affect the arterial blood pressure
and the pressor response to phenylephrine, 18 mgrkg
ouabain was administered. According to previous reports
Ž .Vassallo et al., 1997 , this dose is enough to increase
arterial blood pressure in normotensive rats. The same
increasing concentrations of phenylephrine were readmin-
istered in controls or in streptozotocin-treated rats 1 h after
the treatment with ouabain.

2.1.2. Protocol 2: effects of hyperglycemia on the pressure
response of ouabain and phenylephrine-induced pressor
response in anesthetized rats

To verify if hyperglycemia could have a direct effect on
the arterial blood pressure or on the phenylephrine pressor
reactivity, a similar protocol was performed in control,
non-treated rats before and after ouabain treatment. Acute
hyperglycemia was produced by the administration of glu-

Ž .cose 30% , in a volume equivalent to 10% of the blood
Ž . Žvolume considered as 1 mlr100 g of body weight Ns

.6 . Blood glucose was assayed by using hemoglucotest and
hyperglycemia was maintained for more than 3 h.

2.2. Pressor response of the rat tail Õascular bed

Tail vascular beds obtained from 22 male albino Wistar
rats were used in this study. For the perfusion experiments,

Žthe rats were anesthetized with sodium pentobarbital 35
. Ž .mgrkg, i.p. and received heparine 500 UI, i.p. . After 10

min, a 1-cm strip of the tail artery was dissected free and
cannulated near the base of the tail using a safelet cath 24

Ž .G=3r4 in. Nipro . The rat tail vascular bed was per-
Žfused with Krebs–Henseleit solution 120 mM NaCl, 5.4

mM KCl, 1.2 mM MgCl , 1.25 mM CaCl , 2 mM2 2
.NaH PO , 27 mM NaHCO , and 11 mM glucose plus2 4 3

EDTA — 0.03 mM, bubbled with 5% CO –95% O , at2 2
Ž .36"0.58C, using a peristaltic pump Milan, Colombo at a

constant flow of 2.5 mlrmin. The tail was then severed
from the body and placed in a tissue bath containing the
same Krebs buffer. After a 30- to 45-min equilibration
period, the experimental protocol was initiated. The base-
line perfusion pressure was measured by using a pressure

Ž .tranducer TP-200T, Nihon-Kohden and recorded on a
Ž .polygraphic recorder ANAMED, AM-820 . Since a con-

stant flow was maintained, the changes in the mean perfu-
sion pressure represented changes in vascular resistance.

2.2.1. Protocol 1: effects of ouabain on the phenyl-
ephrine-induced pressor response

The experimental protocol consisted of a dose–response
Ž .curve to phenylephrine 0.1, 0.3, 1, 3, 10, 30 and 100 mg ,

administered as bolus injections of 100 ml in control
conditions and repeated after 1 h under a continuous
infusion of Krebs plus 10 nM ouabain. At the end of the
experiments, preparations were pre-contracted with a con-
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Table 1
Values of blood pressure, blood glucose and body weight in control and
7-day streptozotocin-induced diabetic rats

Control Diabetic

Ž .Blood pressure mm Hg 128"2.40 133"2.73
aŽ .Blood glucose mgrdl 85.7"7.82 471"18.5
bŽ .Body weight g 273"7.82 247"8.62

Numbers in each cell represent the mean"SEM.
a Ž .P -0.01 t-test, control vs. diabetic rats .
b Ž .P -0.05 t-test, control vs. diabetic rats .

Ž y7 .tinuous infusion of phenylephrine 10 M and endothe-
lial integrity was tested by using a bolus injection of

Ž .acetylcholine 5 mg in 100 ml . This protocol was per-
Ž .formed in both controls Ns6 and streptozotocin-treated

Ž .Ns6 rats.

2.2.2. Protocol 2: measurement of the functional actiÕity of
Naq,K q-ATpase before and after ouabain treatment

To assess the functional activity of the Naq,Kq-ATPase,
Ž .the technique described by Webb and Bohr 1978 was

used. The functional activity of the Naq,Kq-ATPase was
assayed in two groups of tail vascular beds obtained from

Ž . Ž .controls Ns6 and streptozotocin-treated Ns6 rats.
Tails were obtained and perfused as described before.

After a 30-min equilibration period, under perfusion with
5.4 mM Kq, the nutrient solution was changed to 0 Kq.
The tails were perfused for 30 min in this condition and
then the preparations were precontracted with 10y7 M
phenylephrine. Once a plateau of mean perfusion pressure
was attained, the extracellular Kq concentration was in-

Ž .creased in steps 1, 2, 4 and 6 mM each one of 5-min
duration. This protocol was repeated after a 1-h treatment
with 10 nM ouabain.

2.3. Drugs and reagents used

Streptozotocin, ouabain, phenylephrine, acetylcholine
and urethane were purchased from Sigma; heparin was
purchased from Roche and sodium pentobarbital from
Fontoveter.

2.4. Statistical analysis

Results are presented as means"S.E.M. Regarding
perfusion pressure measurements, results are presented as
changes in the perfusion pressure, subtracting peak pres-
sure from baseline pressure. Non-linear regression analysis

Ž .determination of the maximum change in pressure Emax

and the logarithm of the dose producing one-half of Emax

Ž . Ž . Ž . Ž .Fig. 1. Effects of increasing doses of phenylephrine PHE on the systolic SBP and diastolic DBP blood pressure before triangles and 60 min after
Ž . Ž . Ž . Ž .circles ouabain 18 mgrkg administration in control open symbols and streptozotocin-induced filled symbols diabetic rats. Each point represents the
mean"S.E.M. ) P-0.05, two-way ANOVA, before vs. after ouabain.
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Table 2
Effects of hyperglycemia on the pressor effects of phenylephrine before
and after treatment with 18 mgrkg ouabain

Phenylephrine Systolic pressure Diastolic pressure
Ž . Ž . Ž .mg mm Hg mm Hg

Control HG Control HG

0 Before 87"8.4 91"4.8 70"7.1 66"5.2
a a a aAfter 105"9 111"4.6 83"7.2 84"4.5

0.2 Before 96"7.7 97"4.2 78"6.5 72"5.4
a a a aAfter 114"9 116"5.3 92"7.2 89"4.4

0.4 Before 104"6.6 102"4 86"6.4 76"5.2
a a a aAfter 118"8 120"5.1 98"6.9 91"4.7

0.8 Before 109"6.5 105"3.5 91"6.3 79"5
a a a aAfter 123"8.3 122"5.6 102"7.4 93"4.5

1.6 Before 116"7 113"4.3 95"6.6 86"4.8
a a a aAfter 132"8.4 129"4.8 111"7.4 99"4.8

Before — control condition before ouabain; after — condition after
ouabain treatments; control — normoglycemic rats; HG — hyper-
glycemic rats. Observe that there are no differences in the systolic or
diastolic blood pressure among means of control and hyperglycemic rats.
In each cell, the number represents the mean"S.E.M.

a Ž .P -0.01 two-way ANOVA, before vs. after ouabain .

Ž .log EC was employed to obtain fitting curves using the50
Ž .GraphPad Prism Software San Diego, CA . Data were

analyzed using the Student’s t-test and a repeated mea-
Ž .sures analyses of variance ANOVA followed by a post-

Ž .hoc protected t-test Tukey test . P-0.05 was considered
significant.

3. Results

All rats used in these experiments were normotensive
Ž .Table 1 . Streptozotocin-induced diabetes was character-
ized by the presence of hyperglycemia obtained by treating
rats for 7 days with streptozotocin, and the body weight of

Ž .diabetic rats was smaller than controls Table 1 .

3.1. Anesthetized animals

Fig. 1 shows the pressor responses to phenylephrine
obtained in control and streptozotocin-treated rats before
and after 1 h treatment with 18 mgrkg ouabain. Systolic
and diastolic blood pressures increased after ouabain treat-
ment in control rats and phenylephrine pressor responses
were maintained at these higher blood pressures. In strep-
tozotocin-treated rats, no changes in pressor responses to
phenylephrine were observed in the pre-ouabain condition

Ž . ŽFig. 2. Dose–response curves to phenylephrine PHE in the tail vascular bed from control and streptozotocin-induced diabetic rats. Upper panels A and
. Ž . Ž . Ž .B show effects of increasing doses of PHE on the change in the mean perfusion pressure D MPP before triangles and 60 min after circles the infusion

Ž . Ž . Ž .with 10 nM ouabain in control open symbols and streptozotocin-induced filled symbols diabetic rats. Lower panel C shows the comparison between
dose–response curves to PHE from control and diabetic rats before ouabain treatment. Each point represents the mean"S.E.M. Two-way ANOVA,
) P-0.05, before vs. after ouabain and qP-0.05, control vs. diabetic rats. Observe that ouabain sensitizes the tail vascular bed to pressor responses of
PHE in control but not in diabetic rat tail vascular beds.
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Table 3
Ž . ŽEffects of 7-day streptozotocin-induced diabetes on the pressor effects of acetylcholine Ach and on the parameters of the dose–response curve E —max

.maximal response and log EC — sensitivity of phenylephrine, before and 60 min after treatment with 10 nM ouabain50

Control Controlqouabain Diabetic Diabeticqouabain
aŽ .Relaxation to Ach % 71.3"5.6 49.8"5.6

bŽ .E of phenylephrine mm Hg 193"14.3 227"9.4 215"11.2 220"10.3max
alog EC of phenylephrine 0.806"0.1 0.762"0.79 0.566"0.57 0.467"0.0550

Numbers in each cell represent the mean"S.E.M.
a Ž .P-0.01 t-test, control vs. diabetic .
b Ž .P-0.01 t-test, control vs. controlqoubain .

compared to controls. However, in this group, the treat-
ment with ouabain did not increase systolic nor diastolic
blood pressure and phenylephrine pressor responses were
similar to the pre-ouabain condition.

To verify if this behavior of streptozotocin-treated rats
was dependent on the increased plasma glucose concentra-
tion, hyperglycemia was induced by acute administration

Ž .of glucose 30% solution , in a volume equivalent to 10%
of the estimated blood volume of the rats. In this situation,
the effects of ouabain on the blood pressure and pressor
responses to phenylephrine did not differ from those ob-

Ž .served in control rats Table 2 . The basal blood glucose of
the anesthetized rats was 114"2.44 mgrdl and increased
significantly to 580"91 mgrdl after glucose administra-

Fig. 3. Functional activity of Naq,Kq-ATPase from rat tail vascular beds evaluated by the percentage reduction of mean perfusion pressure, obtained in
y7 q Ž .preparations pre-contracted with continuous infusion of 10 M PHE, following increasing concentrations of extracellular K . Upper panels A and B

Ž . Ž . Ž .show curves obtained before triangles and after circles 10 nM ouabain for 60 min in control open symbols and streptozotocin-induced diabetic rats
Ž . Ž . q qfilled symbols . Lower panel C shows the comparison between the functional activity of Na ,K -ATPase from control and diabetic rats before ouabain
treatment. Each point represents the mean"S.E.M. Two-way ANOVA, ) P-0.05, before vs. after ouabain and qP-0.05, control vs. diabetic rats.
Observe that diabetic rats presented a reduction of the functional activity of the Naq,Kq-ATPase and ouabain did not inhibit the tone reduction produced
by the increase of the extracellular Kq.
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Ž .tion P-0.01, t-test . The blood glucose was maintained
after 30 min until the end of the experiments at 400"31
mgrdl.

3.2. Pressor responses of the rat tail Õascular bed

Previous experiments from our laboratory, which sug-
gested that the treatment of the rat tail vascular bed for 1 h
with 10 nM ouabain enhanced the vasopressor responses to

Ž .bolus doses of phenylephrine Rossoni et al., 1999a,b ,
were reproduced here. This ouabain sensitization was used
to investigate the effects of diabetes on the pressor reactiv-
ity of the rat tail vascular bed.

Preparations from control animals showed the typical
increase in E to phenylephrine produced by ouabain,max

Ž .without changing the sensitivity Fig. 2A; Table 3 . Using
a similar protocol in preparations from streptozotocin-

Žtreated animals, no increment of E or sensitivity logmax
. Ž .EC to phenylephrine was obtained Fig. 2B; Table 3 .50

No differences in baseline perfusion pressure were ob-
served among the groups, both before and after the treat-

Ž .ment with ouabain results not shown .
Also, comparing the phenylephrine dose–response

curves from control and streptozotocin-treated rats ob-
tained before ouabain treatment, it was seen that tail

Žvascular beds from diabetic rats behaved differently Fig.
.2C . Although showing similar E for phenylephrinemax

stimulation, the log EC for phenylephrine was reduced50
Ž .in diabetic preparations Table 3 .

The endothelial function of these preparations was in-
vestigated by using the relaxation obtained in response to
bolus injections of acetylcholine. The preparations from
diabetic rats showed a significant reduction of the relax-

Žation induced by acetylcholine 71.3"5.6% in controls vs.
49.8"5.6% of relaxation to acetylcholine in diabetic rats,

.P-0.05, student’s t-test, Table 3 .
To explain those previous findings, we tested the func-

tional activity of the Naq,Kq-ATPase using the changes of
the vascular tone obtained in pre-contracted preparations
produced by increasing extracellular Kq concentrations.

ŽSince we knew from previous studies Rossoni et al.,
. q q1999a that ouabain reduces the Na ,K -ATPase activity

Ž .Fig. 3A , if the amount of enzyme is reduced by diabetes
the response to ouabain treatment would be affected. In
Fig. 3B, it can be seen that in the diabetic rats no further
inhibition of the Naq,Kq-ATPase is produced by ouabain.
However, it is interesting to stress that the functional
activity curve of the Naq,Kq-ATPase, obtained from dia-

Ž .betic animals, is depressed compared to controls Fig. 3C .

4. Discussion

Results in this paper show that 7-day streptozotocin-in-
duced diabetes did not present the sensitization of the
phenylephrine pressor effect, which is normally observed

in anesthetized rats, after ouabain treatment. Moreover, no
changes of E to phenylephrine, usually enhanced aftermax

ouabain treatment, were observed in the tail vascular bed
of streptozotocin-treated rats. The results also suggested
that those effects are probably related to the reduction of
the activity of the Naq,Kq-ATPase and of the sensitivity to
ouabain.

Insulin is one of the hormones that regulates the synthe-
q q Žsis and activity of the Na ,K -ATPase Gupta et al., 1996;

. q qVer et al., 1997 . The activity and the amount of Na ,K -´
ATPase units in the plasma membrane are reduced in
diabetic animals and insulin administration partially re-

Ž .stores normal conditions Gupta et al., 1996 . Moreover,
the increased plasma levels of endogenous ouabain in
those animals may be inhibiting the already small number
of Naq,Kq-ATPase unities. Assuming that these changes
are occurring in the 7-day streptozotocin-induced diabetic
rats, alterations on the normal behavior of pressure and
vascular reactivity should be expected. To address this
question, we used ouabain to enhance arterial blood pres-
sure responses and the pressor action of phenylephrine in

Žthe tail vascular bed, as previously reported Songu-Mize
.et al., 1995; Vassallo et al., 1997; Rossoni et al., 1999a,b .

Ouabain has the ability to inhibit the Naq-pump in several
Žtissues including the vascular smooth muscle Bova et al.,

. q1991; Blaustein, 1993; Doris, 1994 . Inhibiting the Na -
pump internal Naq concentration increases and the activity
of the NaqrCa2q exchanger is reduced. This produces an
increase of intracellular Ca2q and, consequently, increases
myocardial contraction or vascular smooth muscle tone
ŽBlaustein, 1988; Blaustein et al., 1991; Bova et al., 1991;

.Rembold et al., 1992 , enhancing the reactivity of the
Žvascular smooth muscle to pressor agents Blaustein, 1993;

Songu-Mize et al., 1995; Vassallo et al., 1997; Rossoni et
.al., 1999a .

Ouabain treatment was not able to increase arterial
blood pressure in diabetic anesthetized rats, as it was seen
in controls. However, arteries incubated in vitro with
elevated concentrations of glucose for a few hours pre-
sented impairment of endothelium-dependent relaxation
Ž .Tesfamariam, 1993; Feletou et al., 1994 . We then search´ ´
for a putative effect of acute hyperglycemia in vivo that is
responsible for these changes. This was discarded since the
elevation of blood glucose in control animals did not
change the pressor actions of ouabain on the arterial blood
pressure nor the phenylephrine pressor responses. In addi-
tion, chronic hyperglycemia has been reported to reduce
nitric oxide bioavailability blunting the endothelial-depen-

Ždent vasodilatation produced by this compound Tesfa-
.mariam, 1993 . Therefore, some of the effects saw in

streptozotocin-treated rats might be due to chronic hyper-
glycemia.

A similar response was observed in vitro, when the tail
vascular bed was used. The enhancement of E tomax

phenylephrine, which is normally observed after 10 nM
ouabain treatment in control rats, did not alter in streptozo-
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tocin-treated rats. One possible explanation for the reduc-
tion of ouabain effects in the diabetic rats could be the
decreased activity of the Naq,Kq-ATPase resulting from

Ž .the lack of insulin. Ohara et al. 1991 presented findings
consistent with the hypothesis that the Naq,Kq-ATPase
activity and gene expression were reduced using aortic
cells isolated from 7- and 14-day diabetic rats . These
findings were accompanied by a rise in intracellular Ca2q

concentration, a fact that occurs when the Naq,Kq-ATPase
Ž .activity is reduced. Previous reports Smith et al., 1997 ,

however, obtained from aorta and superior mesenteric
arteries of 12 weeks streptozotocin-induced diabetic rats,
also suggested that the intrinsic Naq,Kq-ATPase activity
could be modulated by endothelial factors.

Nitric oxide is one endothelial factor, which stimulates
q q Ž .the Na ,K -ATPase Gupta et al., 1996 . The reduction of

nitric oxide release would reduce the activity of the
Naq,Kq-ATPase. Previous results from our laboratory
Ž .Rossoni et al., 1999b , obtained with tail vascular beds

v Žfrom hypertensive N -nitro-L-arginine methyl ester L-
. q qNAME treated rats, showed a reduced Na ,K -ATPase

activity, which suggests the existence of a modulator effect
of NO on the activity of the Naq,Kq-ATPase activity.
Since the relaxation of the tail vascular bed produced by
acetylcholine is nitric oxide-dependent and nitric oxide is

q q Žknown to stimulate the Na ,K -ATPase Gupta et al.,
.1996 , the reduction of the relaxation produced by acetyl-

choline, observed in our results, is another finding which
might contribute to the idea of a reduced activity of the
Naq,Kq-ATPase in the tail vascular bed from diabetic rats.

There are reports which support the idea that the
bioavailability of nitric oxide might be reduced in the

Ždiabetic rats. According to them Tesfamariam and Cohen,
1992; Tesfamariam, 1993; Diederich et al., 1994; Cosentino

.and Luscher, 1998 , the impaired endothelium-dependent
relaxation, observed in vessels from diabetic animals, is
caused by elevated glucose concentration and enhanced
inactivation of nitric oxide by free radicals. However,

Ž .Pieper 1999 reported that endothelium-dependent relax-
ation to acetylcholine was normal after 1 week being
altered only after 8 weeks of diabetes. This apparent
contradiction might be explained by the different prepara-

Ž .tions used. Pieper 1999 used aortic rings and, in our
experiments, the rat tail vascular bed was used. The reduc-
tion of the effects of acetylcholine, which we observed,

Ž .was 20% see Table 3 and this result might suggest that
some vascular beds, such as the tail, may present an
endothelial dysfunction prior to other vessels like the aorta.

We then tested the functional activity of the Naq,Kq-
ATPase by changing the extracellular Kq concentrations
in preparations pre-contracted with phenylephrine and zero
Kq. Previous reports showed that this protocol correlates

q q Žwith the activity of the Na ,K -ATPase Webb and Bohr,
.1978; Ponte et al., 1996 . Results showed that diabetic

animals, as expected, displayed a reduced functional activ-
ity of the Naq,Kq-ATPase when compared to controls.

Also, the inhibitory action produced by ouabain on the
activity of the Naq,Kq-ATPase, which is normally ob-

Ž .served in control preparations Rossoni et al., 1999a , was
abolished in tail vascular beds from diabetic rats. These
results suggest a reduction of the functional activity of the
Naq,Kq-ATPase in diabetic rats which is in accordance to

Ž .previous findings Blaustein et al., 1991; Ver et al., 1997 .´
Since the effect of ouabain, increase of intracellular cal-
cium resulting from the increment of intracellular Naq, is
dependent on the inhibition of the Naq,Kq-ATPase, the
lack of this enzyme would reduce this effect.

Other ouabain actions, such as membrane depolariza-
tion, deserve comments. In vascular and other nonvascular
smooth muscle membrane depolarization and reduction of
the activity of the Naq,Kq-ATPase occur simultaneously
ŽUrquilla et al., 1978; Abel et al., 1981; Hershman et al.,

.1995 . However, in our experiments membrane depolariza-
tion seems to be unlikely. The main reason is because the

Ž .amount of ouabain we used 10 nM ouabain was, at least,
300 times less then the amount used by other authors, 3

ŽmM ouabain Urquilla et al., 1978; Abel et al., 1981;
.Hershman et al., 1995 . Such high concentrations inhibit

all isoforms of the Naq,Kq-ATPase. The concentration we
Ž .used 10 nM ouabain is the range for inhibition of the

high affinity a isoform while the mM range is for the2
Žaffinity of the a isoform O’Brein et al., 1994; Blanco1

. Ž .and Mercer, 1998 . According to Blaustein et al. 1998 ,
the high affinity a isoform has a specific distribution in2

vascular myocytes, a microregion adjacent to the
NaqrCa2q exchanger and an underlying sarcoplasmic
reticulum. This structure was named plasmerosome. This
region might explain the putative mechanism of the en-
hanced reactivity of the rat tail vascular bed to phenyl-
ephrine, observed in control animals after the treatment
with low concentrations of ouabain and also, the increment

Žof systolic and diastolic blood pressures Blaustein, 1988;
Blaustein et al., 1991, 1998; Vassallo et al., 1997; Rossoni

.et al., 1999a .
Then, low concentrations of ouabain can augment Ca2q

transients in vascular smooth muscle without increasing
Ž .the cytosolic sodium Arnon et al., 2000 . Moreover, the

baseline perfusion pressure in perfused rat tail arteries does
Žnot change after 10 nM ouabain treatment Rossoni et al.,

.1999a . Since this mechanism only raises cytosolic cal-
cium concentration upon activation, phenylephrine might
increase E . Since changes in receptor activation doesmax

not occur changes in log EC are unlikely. Also, because50

the a isoform of Naq,Kq-ATPase is not affected depolar-1

ization might not occur. Considering these aspects our
Ž .results and the ones from Urquilla et al. 1978 , Abel et al.

Ž . Ž .1981 and Hershman et al. 1995 are not incompatible.
Moreover, the results obtained with streptozotocin-treated
rats, in which the Naq,Kq-ATPase is reduced, are exactly
as predicted by their results, a smaller pressor response to
ouabain of anesthetized diabetic animals and the absence
of pressor response of their tail vascular beds.
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However, regarding the behavior of the tail vascular
beds, before ouabain treatment, it is interesting to stress
that the log EC for phenylephrine dose–responses curves50

was smaller in streptozotocin-treated preparations. This
finding represents an increased sensitivity to phenylephrine
of streptozotocin-treated preparations, without change in
E . This fact might be explained by the endothelialmax

dysfunction characterized by the reduction of the action of
acetylcholine in these preparations, as reported for other

Žvascular beds Tesfamariam, 1993; Diederich et al., 1994;
. Ž .Pieper et al., 1996 . Karasu and Altan 1993 , who sug-

gested the existence of a relationship, reported a similar
conclusion between vascular reactivity and endothelial
dysfunction. In addition, other results showed an increased
intracellular Ca2q concentration in aortic smooth muscle

Ž .cells Ohara et al., 1991 from diabetic rats. The fact that,
in diabetic rats, there is a reduction of the functional
activity of the Naq,Kq-ATPase, renders relaxation diffi-
cult. This might occur because the NaqrCa2q exchange
activity is reduced by the increment of the intracellular
sodium. Taken together, these results might explain why,
after 7 days of diabetes, the increased vascular sensitivity,
a necessary background for hypertension, was already
present, although rats were not hypertensive yet.

However, although streptozotocin treatment shifts the
concentration–response curve to phenylephrine, in the tail
vascular bed, it does not shift it in blood pressure. Similar

Ž .findings were observed previously Vassallo et al., 1997
and the existence of intact reflexes in these anesthetized
rats might be the reason for masking this response.

In summary, results suggested that 7-day diabetic rats,
although not hypertensive yet, showed signs of enhanced
vascular sensitivity. The increase of arterial blood pressure
or the sensitization of the tail vascular bed, produced by
ouabain, is lost in 7-day streptozotocin-induced diabetic
rats. This occurs as a consequence of the reduction of the
functional activity of the Naq,Kq-ATPase probably be-
cause of insulin lack and a deficient endothelial nitric
oxide bioavailability.
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