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Hypersensitivity to methoxamine in atria isolated from
streptozotocin-induced diabetic rats
Liliana Canga & Leonor Sterin-Borda'

CEFAPRIN, CONICET, Serrano 665/69, (1414) Buenos Aires, Argentina

1 The reactivity to methoxamine (Met) of atria isolated from the hearts of normal and from acutely
streptozotocin-diabetic rats has been studied.
2 Met (1 x 10-6M) increased the tension of both normal and diabetic atria, but in diabetic atria, the
dose-response curve to Met was shifted to the left and the efficacy of Met was enhanced.
3 Inhibitors of ca-adrenoceptors blocked, in a competitive manner, the positive inotropic effect
induced by Met in both types of atrial preparations.
4 Inhibitors of the cyclo-oxygenase pathway for arachidonic acid metabolism blocked the atrial
response to Met in non-diabetic as well as in diabetic atria. The inhibition of prostacyclin synthetase
prevented the effect of Met in normal atria, while blockers of thromboxane generation inhibited it in
diabetic ones.

5 Agents that inhibit the activity oflipoxygenase(s) significantly reduced the positive inotropic action
induced by Met in diabetic atria but failed to modify it in non-diabetic preparations.
6 These results show that diabetic atria are more sensitive to Met than normal atria. In diabetes the
response to ca-adrenoceptor stimulation could be mediated by oxidative products generated via
thromboxane synthetase and lipoxygenase(s) activities; whereas in normal preparations the action of
Met may involve the release of prostacyclin.

Introduction

Recent studies employing animal models have shown
cardiac abnormalities associated with diabetes
mellitus (Melhotra et al., 1981; Fein et al., 1981) and
significant alterations at the biochemical level may be
responsible for some aspects of diabetic car-
diomyopathy (Malhotra et al., 1981; Pierce & Dhalla,
1981). Thus, changes in sensitivity to a-adrenoceptor
agonists (noradrenaline and methoxamine) have been
detected in tissues isolated from diabetic rats. Raman-
adham et al. (1984) reported not only increased
sensitivity of tail artery strips but also a decreased
response to a-agonists in thoracic aorta isolated from
diabetic rats. However, alterations in cardiac function
can develop without coronary vascular complications
(Penpargkul et al., 1980; Dillmann, 1980; Vadlamudi
et al., 1982). Recently, attention has been focused on
the changes which occur in isolated myocardium from
rats with chemically-induced diabetes of short dura-
tion. The studies indicate that the responsiveness of
the diabetic myocardium to adrenoceptor agonists is
altered (Foy & Lucas, 1975; 1978).
The presence of oE-adrenoceptors in adult rat atrial
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strip preparations have been suggested by Nakashima
et al. (1973), but little is known about myocardial
reactivity to c-agonists after short-term streptozotocin
treatment. There is evidence, however, that one or
more metabolites of arachidonic acid could be im-
plicated in the pathophysiological alterations
observed in diabetes mellitus (Metz, 1981; Chen &
Robertson, 1979). Arachidonic acid (AA), a fatty acid
bound to membrane phospholipids, is the precursor of
derivatives that regulate cardiac function. AA is
released by the stimulation of specific cell-surface
receptors and subsequent activation of phos-
pholipases of the A2-type (Lapetina, 1982). The AA is
metabolized by two enzymes systems (cyclo-oxygen-
ase and lipoxygenase(s) ) forming prostaglandins,
thromboxanes, hydroxyeicosatetraenoic acids, leuk-
otrienes and other compounds (Moncada & Vane,
1978). In a recent study, we have examined the
contractile response to exogenous AA of atria from
normal and diabetic rats and have established that,
during diabetes, the metabolism of AA is shifted
towards thromboxane B2 (TXB2) formation while in
normal atria it is directed to prostacyclin (PGI2)
production (Canga et al., 1984).
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In view of these precedents, the present study was
undertaken to explore the inotropic responses to a-
adrenoceptor stimulation, induced by methoxamine
(Met), of atria from normal and streptozotocin-
diabetic rats. Results show that although a positive
inotropic effect is induced in both groups of atria when
x-adrenoceptors are stimulated by Met; atria from
diabetic rats are more sensitive to x-adrenoceptor
activation than those from normal rats. The mechan-
ism appears to be that Met, upon binding to the
myocardial x-adrenoceptor, triggers the generation of
oxidative products of endogenous AA and they, in
turn, enhance the positive inotropic effect of Met. In
diabetic atria lipoxygenase(s) metabolites and throm-
boxanes are the effectors, whereas, in non-diabetic
atria, -x-adrenoceptor stimulation is related to
metabolites generated via prostacyclin synthetase.

Methods

Isolated atria preparations of the rat

Wistar male rats, weighing between 200-250 g, were
used. The animals were killed by decapitation with a
guillotine. The entire heart was quickly removed and
placed in Petri dishes filled with a modified Krebs-
Ringer-Bicarbinate (KRB) solution of the following
composition (mM): Na+ 145, K+ 6.02, Ca2+ 1.22,
Mg2+ 1.33, Cl- 126, HCO3- 25.3, so42- 1.33, P042-
1.20 and glucose 5.5.

Atria were separated from ventricles, carefully
dissected, attached to a glass holder and immersed in a
tissue chamber filled with 20 ml ofKRB solution. This
tissue bath medium was gassed with 95% 02 and 5%
CO2 and kept at a constant temperature (30'C) and pH
(7.4) throughout the experiments. One end of the
preparation was anchored to the glass holder and the
other was connected to a force transducer (Statham
UC3-Gold Cell) coupled to an ink-writing
oscillograph (San Ei 180). A constant resting tension
of 750 mg was applied to the auricles by means of a
micrometric device and the activity of spontaneously
beating preparations was analysed in terms of
isometric contractile tension. This variable, taken
from the oscillographic records, is referred to in the
text as the isometric developed tension (I.D.T.) and
expressed in mg. The atria were allowed to equilibrate
for 60 min. The magnitude of the contractile tension
recorded at this moment was considered as the initial
control tension before administering drugs. This in-
itial (control) tension was taken as 100%, and the
variations induced by drugs were expressed as %
changes compared to the control tension. The
frequency of contractions, measured in beats per min,
was not modified before the addition of the drugs
(Table 2). Cumulative dose-response curves for Met

were made according to the method described by Van
Rossum (1963). Single doses were administered in
volumes of0.01 to 0.025 ml ofKRB solution. The total
volume added to the bath never exceeded 0.1 ml. The
time interval between doses was that required by each
one to produce a maximal effect (Omin).

Induction of diabetes

Experimental short-term diabetes was induced in male
Wistar rats (200-250g) with a single i.p. dose of
streptozotocin (100mg kg- '). Streptozotocin was dis-
solved in citrate buffer (pH 4.8) prior to the injection.
A colorimetric enzymatic method (glycaemia en-
zymatic) for 'true glucose' determination in blood, was
used. Animals with plasma glucose above 300 mg dl-'
and with ketonuria were considered to be diabetic. The
rats were killed 72 h after streptozotocin injection.
Blood samples were taken without anaesthesia by
intramyocardial puncture before killing the animal.

Drugs

Acetylsalicylic acid (ASA), nordihydroguaiaretic acid
(NDGA), imidazole, dithizone and streptozotocin
were purchased from Sigma Chemical Co.; indometh-
acin from Merck, Sharp & Dohme; phenoxyben-
zamine (Pbz) and tranylcipromine from Smith, Kline
& French; L-8027 (Nictindol) from Labaz Lab.;
methoxamine (Met) from Burroughs Wellcome Co.;
phentolamine from Ciba; prazosin from Pfizer Lab.
and glycaemia enzymatic from Wiener Lab. Stock
solutions of acetylsalicylic acid, imidazole, dithizone,
indomethacin, tranylcipromine, Met, phentolamine
and prazosin were dissolved in distilled water whereas
NDGA and L-8027 were dissolved in dimethylsul-
phoxide (DMSO), as previously described (Sterin-
Borda et al., 1983). The drugs were diluted in the bath
to achieve the final concentrations shown in Table 2.
At these dilutions the solvent itself had no effect. Rat
isolated atria were incubated for 30 min with a-adreno-
ceptor antagonists and/or inhibitors of cyclo-oxygen-
ase or lipoxygenase(s) before adding increasing
amounts of Met.

Statistics

Experimental results were compared by means of
Student's t test, following the tables given by Fisher &
Yates (1957). Differences between means were con-
sidered significant if P2 = 0.05 or less.

Results

Dose-response curves to methoxamine in atria
isolatedfrom normal and diabetic rats and the effect of
x-adrenoceptor antagonists
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Figure I Cumulative dose-response curves to methox-
amine in atria isolated from normal (0) and diabetic (0)
rats. I.D.T., isometric developed tension (dF/dt), is
expressed as % change vs. initial controls. Each point
represents the mean, and vertical lines s.e.mean, of 8
experiments.

Figure I shows the effect of increasing concentrations
of methoxamine (Met) on the contractile tension of
spontaneously beating atria obtained from normal
and diabetic rats. It can be seen that Met induced a

concentration-dependent increase in tension in both
groups of atria. Both the efficacy and potency were

greater on atria from diabetic rats (Emax: 180; KD:
1.02 x 10-5M) than those from normal, control, rats
(Emax: 78; KD: 2.0 x I 5- M).
To assess the role of a-adrenoceptors in the con-

tractile effect of Met, both groups of atria were in-
cubated with a-adrenoceptor antagonists such as
phentolamine, prazosin or phenoxybenzamine before
the addition of Met. Results shown in Figure 2 and
Table 1 indicate that in the presence of these agents,
the positive inotropic action of Met was antagonized
in a competitive manner both in normal atria in those
from diabetic rats. The isometric tension developed
after the addition of the a-antagonists both in
normal and in diabetic atria had a similar magnititude
(Table 2).

Effects of inhibitors of cyclo-oxygenase and
lipoxygenase(s) activities on the contractile action of
methoxamine

Several inhibitors acting on different pathways that
could result in stimulation of atrial tension, were used
in order to determine the nature of the mechanism
triggering the hypersensitivity to Met in diabetic atria.
Figure 3 illustrates the effect of two blockers of cyclo-
oxygenase activity. It can be seen that in the presence
of acetylsalicylic acid (1.8 x 10- M) or indomethacin
(1.2 x 10-6 M), the positive inotropic action of Met
was significantly reduced in auricles from both normal
and diabetic rats.

In order to elucidate which of the prostanoids could
be involved in this effect, auricles were incubated with
known inhibitors of prostacyclin synthetase (tranyl-
cipromine) and of thromboxane synthetase (L-8027
and imidazole) activities. As can be seen Figure 4, in
the presence of tranylcipromine (2.5 x 10-4 M) the
stimulant effect of Met was significantly diminished in
both normal and diabetic auricles although the de-
crease was more marked in normal atria. On the other
hand, inhibition of thromboxane synthetase by im-
idazole (1 x 10-3M) or by L-8027 (1 x 10-6M) re-
duced the positive inotropic effect of Met only in
diabetic atria and failed to do so in normal prepara-
tions. The modification of the action of Met by
inhibitors of lipoxygenase(s) activity (i.e. NDGA or
dithizone) is shown in Figure 5. Although in normal
atria the increment in contractile tension evoked by
Met was not altered by NDGA (1 x 10-5M) or by
dithizone (I x 10-5 M), a significant inhibition of the
positive inotropic effect of Met was observed in
diabetic atria previously incubated with any of these
two agents.

Discussion

The present study was performed in order to inves-
tigate the influence of methoxamine (Met) on the
contractile tension of atria isolated from normal and
acutely-diabetic rats. Our results demonstrate that
Met is able to induce a dose-dependent increase of
contractile tension in both types ofatrial preparations.
The inotropic action of Met was not accompanied by
changes in the rate of contraction. The positive
inotropic effect elicited by stimulation ofca-adrenocep-
tors has also been described in isolated myocardium of
various mammalian species (Nakashima et al., 1973;
Wagner & Brodde, 1978; Schumann et al., 1978;
Benfey, 1973). In addition, we found that auricles
isolated from diabetic rats showed an increased sen-
sitivity to Met compared to that of non-diabetic
controls (Figure 1). In turn, in the presence of a-
adrenoceptor blocking agents (i.e. phentolamine,
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Figure 2 Inotropic effect of methoxamine (0 0) in normal (b) and diabetic (a) atria. Influence of
phenoxybenzamine (---- 0), phentolamine (O --- 0) and prazosin (A--- A). Each point represents the mean,
and vertical lines s.e.mean, of 6 experiments. Other details as in Figure 1.

Table 1 Influence of a-adrenoceptor antagonists on the positive inotropic effect of methoxamine in normal and
diabetic atria

Methoxamine
Phentolamine (10-8M)
Phenoxybenzamine (10-8M)
Prazosoin (10-8M)

Emax

78 ± 6
77 ± 5
72 ± 3
65 ± 4

Normal
KD

2.0 x 10-5M
7.0 x 105M
3.0 x 105M
6.3 x 105M

Values are ± s.e.mean of6 experiments in each group. Differences are significant (P < 0.01). Thes values were obtained
by fitting data of Figure 2 to Michaelis-Menten equation and taken to lineal relationship and constructed the
equivalent to Lineweaver-Burk plot.

6 4 3

Diabetic
Emax

180 ± 12
189±10
201 ± 15
195 ± 14

KD
1.08 x 105M
8.47 x 10'M
12.70 x 105M
4.10 X 105M
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Table 2 Effect of different drugs on the spontaneous activity of rat isolated atria

Drugs

None
Phe (1 x 10-8M)
Pbz (I x 10-8M)
Praz (I x 10-8M)
ASA (1.8 x 10-4M)
Indo (1.2 x 10-6M)
NDGA (1 x 10-5M)
Dith (I x 10-5M)
Tranyl (2.5 x 10-4M)
Imidazole (1 x 10-3M)
L-8027 (1 x 10-6M)

Normal atria
Frequency of

Tension contractions

320± 8
315 ± 3
315 ± 7
310± 8
310± 7
300±10
300± 12
315 ± 4
320± 10
300± 10
300± 9

140± 6
129 ± 10
138± 10
140± 5
138± 6
136± 8
129± 9
140± 7
130± 8
138± 9
137± 7

Diabetic atria
Frequency of

Tension contractions n

350± 15
335 ± 6
320± 15
330± 12
330± 10
320± 6
315 ± 8
325 ± 6
310 ± 10
345 ± 7
350± 8

140± 7
130± 10
135± 12
139± 7
140± 6
138± 5
130 ± 10
142± 5
135± 5
136± 6
136± 8

8
4
4
4
5
5
5
5
4
6
5

Values are mean ± s.e.mean; tension measured in mg and frequency of contractions measured in number of beats per
min. The initial control values (no additions) were recorded after equilibration (60 min following setting up of the
preparation) and, the experimental ones, at 30 min after administration of each drug (see Method). n = number of
preparations. Phe: phentolamine; Pbz: phenoxybenzamine; Praz: prazosin; ASA: acetylsalicylic acid; Indo: indometh-
acin; NDGA: nordihydroguaiaretic acid; Dith: dithizone; Tranyl: tranylcipromine.
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Figure 3 Inotropic effect of methoxamine (0) in normal (b) and diabetic (a) atria in the presence ofcyclo-oxygenase
inhibitors: acetylsalicylic acid (0) and indomethacin (A). Each point represents the mean, and vertical lines s.e.mean,
of 5 experiments. Other details as in Figure 1.
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Figure 4 Influence of tranylcipromine (0), imidazole (A) and L-8027 (A) on the inotropic effect of methoxamine
(-) in isolated atria from normal (b) and diabetic (a) rats. Each point represents the mean, and vertical lines s.e.mean of
4 experiments. Other details as in Figure 1.

prazosin or phenoxybenzamine) the magnitude of the
stimulant effect of the a-agonist was inhibited in a

competitive manner in normal as well as in diabetic
hearts (Figure 2 and Table 1). These findings are

consistent with a previous report (Downing et al.,
1983), in which Met evoked positive inotropic respon-
ses in myocardium from normal and alloxan-induced
diabetic lambs. Hyperresponsiveness to a-adrenocep-
tor stimulation was also found in diabetic lamb hearts
(Downing et al., 1983).
On the other hand, we also showed (Figure 3) that

the increased response to Met in normal and in
diabetic atria was abolished by indomethacin or

acetylsalicylic acid, at concentrations known to inhibit
cyclo-oxygenase activity (Vane, 1971). This supports
the notion that in normal and in diabetic atrial tissue,
some product derived from arachidonic acid (AA)
metabolism via the cyclo-oxygenase pathway could be
involved in the cardiac effect of Met. To elucidate
which cyclo-oxygenase end-product could be par-

ticipating in this event, both groups of atria were

incubated with tranylcipromine, an inhibitor of pros-

tacyclin synthetase (Gryglewski et al., 1976), or with
imidazole or L-8027, thromboxane synthetase block-
ing agents (Moncada et al., 1977), before testing their
responsiveness to Met. Tranylcipromine was more

effective in blocking the response to Met in normal
atria than in diabetic ones. In contrast, thromboxane
synthetase blocking agents only diminished the
stimulant effect to Met in diabetic atria (Figure 5).
These findings suggest that under normal conditions,
prostacyclin appears to be responsible for the positive
inotropic action of Met, while in the diabetic state,
thromboxanes could be mediating this effect. In
previous studies from our laboratory, positive in-
otropic actions of prostacyclin (PGI2) and thrombox-
ane B2 (TXB2) in rat isolated atria have been found
(Sterin-Borda et al., 1979; 1980; 1981). Results
obtained from radioconversion of labelled ara-

chidonic acid by normal atria confirmed that 6-oxo-
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Figure 5 The positive inotropic effect of methoxamine (0) in normal (b) and dibetic (a) atria and the influence of
lipoxygenase(s) inhibitors: nordihydroguaiaretic acid (0) and dithizone (A). Each point represents the mean, and
vertical lines s.e.mean, of 5 experiments. Other details as in Figure 1.

prostaglandin Flm (6-oxo-PGF,,,; the non-enzymatic
metabolite of PGI2) was the product ofAA metabol-
ism generated in preference to TXB2. Moreover, the
distribution of metabolites from exogenous AA was
altered in diabetic atria; an increased production of
TXB2 with a decreased formation of 6-oxo-PGF1, was
observed (Canga et al., 1984). The fact that tranyl-
cipromine was able to block slightly the response to
Met in diabetic atria suggests that PGI2 is also
generated in these preparations. An interaction bet-
ween a-adrenoceptor-mediated stimulation by Met
and prostacyclin release has been described by us in rat
aorta (Borda et al., 1983b) and in vas deferens (Borda
et al., 1983a). In normal atria the response to Met was
not modified after incubation with NDGA or dith-
izone. Therefore, we propose that products of the
lipoxygenase(s) pathway do not appear to be involved
in the a-agonist-induced contractile tension (Figure 5).
However, during diabetes a blocker oflipoxygenase(s)
activity was required to diminish the stimulant in-
fluence of Met (Figure 4), suggesting the participation
ofsome lipoxygenase(s)-derived product as an activat-

ing factor for the augmented thromboxane production
which, in turn, is able to induce an increase in
contractile tension. This is in keeping with a previous
report which stated that some groups of compounds
originating from AA by the action of lipoxygenase(s)
produced a strong and long-lasting contraction of
lung parenchymal strips, and this was proved to be
mediated by the release of TXA2 (unstable precursor
of TXB2) (Piper & Samhoun, 1981). Moreover, in
coronary arteries from diabetic dogs, we showed that
sodium arachidonate induced vasoconstriction via
TXA2 generated by lipoxygenase(s) catalyzed reac-
tions (Sterin-Borda et al., 1982). Because the stimulant
action of Met was not completely abolished after
blocking thromboxane synthetase activity we cannot
rule out the possibility that the lipoxygenase(s)
product can also per se elecit a positive inotropic
effect. Until now the underlying mechanism of the
positive inotropic effect mediated by a-adrenoceptors
has been unclear. We suggest that the effects observed
with Met could be explained by a mechanism which
couples activation ofcardiac x-adrenoceptors to chan-

oL
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ges in the metabolism of arachidonic acid. From our
results we conclude that in normal atria the response
to z-adrenoceptor stimulation induced by Met could
be mediated through liberation of arachidonic acid
which is predominantly metabolized via cyclo-oxygen-
ase to produce prostacyclin which, in turn, may be
responsible for the final biological response (i.e., the
positive inotropic effect). However, in diabetic atria,

supersensitivity to Met may be attributed to the
diversion of AA metabolism towards an increased
production of TXA2 and a lipoxygenase(s)-derived
product.
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Argentina. We gratefully acknowledge Mrs Elvita Vannucchi
for her technical assistance.
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