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ABSTRACT

Methylene Blue {(MeB) and gentian violet (107°~10~* M) produced contractions in isolated thoracic aortic
preparations of rabbits in a dose-dependent fashion, while other dyes, evans blue and eosine yellowish, did
not affect the basal tension in the same range of doses. Porcine mesenteric arterial rings also responded to
MeB with dose-dependent contractions. Single dose of 10™* M MeB produced a biphasic response: contrac-
tion followed by relaxation. The contraction developed slowly within 2~v4 min and peaked in about 20 minutes
and then slowly relaxed to the basal level. Tyramine (10~* M) also induced contraction but it developed faster
and was more persistent than that of MeB. While the tyramine-induced tension was reproducible, the MeB-
induced one was not reiterable until 3 to 5 hours after washing out the MeB. Adding 10* M MeB further
potentiated the contraction induced by 10™* M tyramine. However, the MeB contraction was not affected
by further addition of tyramine. Both tyramine- and MeB-induced tensions were abolished or significantly
inhibited by pretreatment with various drugs acting on the sympathetic nervous systern. The tyramine-induced
tension was more sensitive to guanethidine and 6-hydroxydopamine than the MeB-induced tension, while
the latter was more sensitive to Ca*-free PSS and reserpine. But they have similar sensitivity to prazosin.
The MeB-induced tension was significantly inhibited but not abolished by 6-hydroxydopamine pretreatment.
However, either tyramine or 6-hydroxydopamine could not affect the basal tension of the ring that MeB
once had been tested.

These results suggest that MeB-induced contractions of rabbit thoracic aorta and porcine mesenteric artery
result from a release of endogenous norepinephrine from adrenergic nerve endings and are dependent in part
on extracetlular calcium, and that the potency of MeB to release or to deplete norepinephrine is greater than

that of either tyramine or 6-hydroxydopamine.
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INTRODUCTION

Methylene blue (MeB) is one of the dyes most
commonly employed in staining microorganisms and
cells. It has two reciprocal functions in hemoglobin
metabolism. Bowman and Rand (1980) reported that
MeB with higher concentration led to
methemoglobinemia by oxidizing Fe** of hemoglobin
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to Fe** and with lower concentration it promoted con-
versions of methemoglobin to normal one. It has
been also known that MeB is effective in treating
chronic urolithiasis and eczema herpeticum, and that
it has some adverse effects such as nausea, abdominal
and chest pain, sweating, hypotension, and tachycar-
dia (Reynolds 1982). Sollman (1964) reported that
MeB produced transient contractile response follow-
ed by relaxation in vessels when it was perfused.
It has been documented lately that some nitro
compounds give rise to relaxation of vascular smooth
muscles by activating guanylate cyclase and thus ac-
cumulating cyclic GMP, and that MeB blocks the



relaxant response by inhibiting the guanylate cyclase
activity (Gruetter et al., 1979, 1981; Holzman 1982;
Ignarro and Kadowitz 1985). Furchgott and Zawad-
zki (1980), observing that acetylcholine could relax
the a-adrenoceptor agonist-induced contraction in in-
tact endothelial arteries but not in deendothelial
preparations, proposed that acetylcholine release a
certain vaso-relaxing substance from endothelium,
the so-called endothelium-derived relaxing factor
(EDRF).

Recently, it has been established by many groups
that MeB inhibits EDRF-dependent relaxation by in-
hibiting its release (Murakami et al., 1987; Nagase
et al., 1987; Luckhoff, ef al., 1987; Gruetter et al.,
1988; Nishiye ef al., 1988).

Our study attempted to provide another evidence
that MeB could release norepinephrine from
adrenergic nerve endings in vascular sthooth muscles.

MATERIALS AND METHODS

Rabbits of either sex weighing from 1.6 to 2.3 kg
were used. On killing by a blow on the back of the
head, the thoracic aorta was excised. Whole intestinal
tracts were obtained from pigs of either sex as soon
as slaughtered in local abattoir. The intestines were
put into an icebox filled with ice flakes and rapidly
transferred to the laboratory within 20 min. Small
branches of mesenteric arteries were isolated from
the small intestine. The thoracic aorta and mesenteric
artery were soaked in cold (1~3°C) physiological salt
solution (PSS) saturated with 95% O, and 5% CO,.
Both arteries were trimmed clean of connective and
adipose tissues under a stereoscope. The cleaned
arteries were then cut into rings of S mm in length.

In some experiments, the endothelium was remov-
¢d by gently rubbing with a iron rod 2 to 3 times
into the lumen of the arterial rings. Ring segments
of arteries were mounted in a muscle bath by sliding
the ring over. two pararell stainless-steel hook (0.2
mm in diameter). The lower hook was fixed on the
bottom of the bath and the upper was connected to
an isometric transducer (Grass FT03) with a thread
and. the changes of the tension were recorded on a
polygraph (Grass model 7D).

The volume of bath was 20 ml and the bath solu-
tion was saturated with mixed gas of 95% O, and
5% CO, at 37°C, to be maintained pH 7.4. The com-
position of physiological salt solution (PSS, mM)
was: 118 NaCl, 4.7 KCl, 2.5 CaCl,, 1.2 MgSO,, 1.2
KH,PO,, 18 NaHCOQ;, 11 dextrose and 0.03 EDTA.
Calcium free PSS (Ca*-free PSS), which was includ-

ed 0.03 mM EGTA except CaCl, and EDTA, were
used in some experiments. Reserpine treated prepara-
tions were obtained from rabbits which had been
treated with 3 mg/kg intramuscular reserpine 24
hours before the experiment.

The arterial rings were equilibrated in normal PSS
for 2 hours and brought up to a resting tension of
2 g in both animal preparations. After equilibration,
the arterial ring was challenged with 35 mM KCl 2
to 3 times, and when their contractions became
uniform, the proper experiments were started.

Drugs used in the present study were methylene
blue (Difco Lab.), gentian violet (Hartman), evans
blue (Hartman), eosin yellowish (Hartman), prazosin
HCl (Pfizer), norepinephrine bitartrate (Sigma),
6-hydroxydopamine HCI (Sigma), tyramine HCl
(Sigma), guanethidine sulfate (Ciba-Geigy), and
reserpine (Ciba). The amines were dissolved to 10!
M in acidic saline (pH =4.0). And the others were
dissolved in distilled water except for crystal violet,
which was dissolved to 10~ M in 95% ethanol. Subse-
quent dilutions were made with distilled water. Dose-
response curves were obtained by a cumulative ad-
ministration of the drugs. For comparing test values
with the control, Student’s t-test was employed. A
p value<0.05 was taken as statistically significant.

RESULTS
I. Thoracic Aortae of Rabbits

Contractile response to MeB and gentian violet (GV)

MeB in concentrations lower than 10°M produced
no or slight contractions, but with concentrations
greater than 3.5 X 10°M dose-dependent contractions
were elicited (Fig. 1). The maximally effective con-
centration of MeB when given in a single dose was
10~* M. The contraction pattern, however, was dif-
ferent from those of norepinephrine (NE) and
tyramine (Fig. 2). Contractile response to 10°M NE
occurred immediately and peaked in 2 to 5 minutes.
10* M tyramine elicited contractile response more
slowly than NE, but more rapidly than MeB (Fig.
2). NE- or tyramine-induced contraction was a per-
sistent monophase. The MeB elicited a biphasic
response: contraction followed by relaxation. The
contraction slowly developed after 2 to 4 minutes
latency and peaked in 12 to 20 minutes and then slow-
ly relaxed to the baseline. The patterns of MeB-
induced contractions were almost the same in both
endothelium intact preparations (+ Endo,
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Fig. 1. Dose-contractile response curves to
methylene blue (MeB) and gentian
violet (GV) in isolated aortic rings
of rabbits. +Endo and — Endo in-
dicate intact endothelial rings and
rings without endothelium, respec-
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Fig. 2. Typical traces showing contractile responses of isolated aortic rings to norepinephrine (NE), tyramine (TA) and methylene
blue (MeB). Three rings were obtained from a thoracic aorta. The indicated drug (107*M) was added to the bath at
dots. All calibrations show 1| g, except the right part of the first trace. At x, bath fluid was changed.

ED,,=7.4 x 10"°M) and endothelium-removed ones
(-Endo, EDs, = 6.6 x 10°°M) (Fig. 1). Therefore, the
endothelium was left intact (4 Endo) throughout the
study unless specified otherwise and all data of MeB
except dose-response curve were taken from single

administration in a preparation. In cumulative dose-
response curve, MeB produced maximum tension at
3.5% 10 M and the higher dose rather elicited relax-
ant response. Even up to 3 to 5 hours after washing
the ring with fresh PSS, the second dose of MeB



Table 1. Effects of various conditions on 10™*M tyramine (TA)- and 10-*M methylene blue (MeB)-induced tensions in isolated
aortic rings of rabbits

Condition NPSS Ca?*-free PSS 6-OHDA Prazosin GUAN Reserpine
Conc. — — (%) 10-*M (%) 10*M (%) 10*M (Yo ) 3 mg/kg
TA 33£03 1903424 0.1+£0.3 (97.00** 0.1+£0.3(97.0) 0.0x0.1 (100)** 1.3+0.3 (60.6)

MeB 42+0.5 1.1+0.2(73.8)* 1.3+0.2 (69.1) 0.1£0.2(97.6) 4.1£04 (2.4 0.2+0.2 (95.3)**

Numerals represent the mean active tension +SEM (g) of 10-18 rings from 4-7 rabbits. %: Inhibitory rate to each control
response in NPSS. Asterisks indicate significantly greater inhibition between both inhibitory rates of TA vs MeB (*: P<0.05,
**: P<0.01). NPSS: normal physiological salt solution, 6-OHDA: 6-hydroxydopamine, GUAN: guanethidine, Conc: con-

centration. Other details are in text.
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Fig. 3. Effect of an additive dose of methylene blue (MeB) or tyramine (TA) on tyramine (upper)- or methylene blue (lower)-
induced tension in an isolated aortic ring, respectivley. The calibration of the left part of upper trace is 1 g and other
parts are 2g. Upper and lower traces were obtained from two different rings of an aorta. The indicated drug (10~M)

was added to the bath at each dot.

could not produce any contraction.

GV also produced dose-dependent contractile
responses (6 experiments, ED;s, = 1.9 X 10°*M), but
the magnitude was less than that of MeB. The max-
imal contraction at 10-*M GV was about 50% of the
MeB and higher dose rather produced relaxation (Fig.
1).

To see whether these vascular responses are
specific to only these blue dyes, effects of another
blue dye, evans blue, and a yellow dye, eosine
yellowish, were examined. But up to 107*M concen-
trations, they did not produced any contractile

responses at all in six rings.

Influences of various drugs on the contraction induced
by tyramine or MeB

Tyramine. The contractile response to 107*M
tyramine was reproducible, when it was repeatedly
added to the bath at intervals of 30 to 60 minutes.
An addition of 10*M tyramine, when 10~*M MeB-
induced contraction was at the peak, did not further
increase the contraction at all. On the contrary, an
addition of the MeB during the steady-state contrac-
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Fig. 4. Effect of 6-hydroxydopamine (6-OHDA) treatment on tyramine (TA)- and methylene blue (MeB)-induced tension
in an isolated aortic ring. Lower traces were obtained 30 min after washout of 6-hydroxydopamine. All calibrations
are 1 g, except 0.5 g of lower right trace. The indicated drug (10~M) was added to the bath at dots and bath fluid

was changed at x.
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Fig. 5. Effect of guanethidine (GUAN) treatment on tyramine (TA)- and methylene blue (MeB)-induced tension in an isolated
aortic ring. Right trace was obtained from the same ring treated with 10*M guanethidine for 20 min. The indicated
drug (10™M) was added to the bath at dots and bath fluid was changed at x.

tion induced by tyramine markedly augmented the
contraction (Fig. 3).

Ca*-free PSS. The contractile response to 10™*M
MeB was 4.2 + 0.5 g (18 rings, mean + SEM) and that
to 107*M tyramine was 3.3 +0.3 g (10 rings) in nor-
mal PSS. In Ca*-free PSS which is completely devoid
of CaCl,, the tyramine-induced contraction was par-
tially inhibited to 42.4% of the tension in normal
PSS, and the MeB response was more markedly at-
tenuated to 73.8% (Table 1).

6-Hydroxydopamine. 10-*M 6-hydroxydopamine
(6-OHDA) produced slight contraction at first, and
then the ring was markedly contracted about 5 to 8
minutes later (Fig. 4). After the preparations were
treated with 6-OHDA for 20 minutes, bath fluid was
exchanged with fresh PSS. When the 6-OHDA-
induced tension returned to the basal level, either

tyramine or MeB was added to the bath. Tyramine
could induce no contraction, while the MeB-induced
contraction was markedly attenuated but not com-
pletely abolished (Fig. 4) (Table 1). Also the
6-OHDA-induced contraction was not reproducible.

Guanethidine. Guanethidine (10*M) itself has no
effect on the basal tension. Tyramine-induced con-
traction was completely abolished by pretreatment
with guanethidine for 30 min, but MeB-induced one
was not affected (Fig. 5) (Table 1).

Prazosin. Prazosin (10-*M) produced a slight
relaxation. Both tyramine- and MeB-induced con-
tractions were almost abolished 30 minutes after
prazosin treatment (Table 1).

Reserpine. In rings obtained from reserpine-
pretreated rabbits, the tyramine-induced contraction
was markedly attenuated and MeB-induced one was
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Fig. 6. Dose-contractile response curve to methylene
blue (MeB) in isolated mesenteric rings of
pigs. Each point shows the mean+SEM
from 16 rings.

almost abolished (Table 1).
II. Porcine Mesenteric Arteries
Contractile response to MeB

Cumulative additions of MeB between 3.5 x 10
M and 107*M produced concentration-dependent in-
creases in tension in porcine mesenteric artieral rings,
with the EDsq being 2.6 X 10~ M (Fig. 6). The max-
imally effective concentration when given in single
dose was 10* M and the dose elicited a biphasic
response like in the rabbit aorta (Fig. 7). The max-
imal active tension induced by MeB was 9.6 +0:8¢
(28 rings), about twice tension produced in the rab-
bit ring (Table 2). No contraction was observed, when
MeB was repeatedly added.

Influences of various drugs on the contraciion in-
duced by tyramine or MeB

Tyramine. The mesenteric ring was persistently

.
MeB -4

Fig. 7. Typical traces showing contractile respunses vt 1surateu miesenteric rings to tyramine (TA) and methylene blue (MeB).
Two rings were obtained from a potcine mesenteric branch. The indicated drug (10™M) was added to the bath at

dots. Calibration marks are drawn at each part of traces.

Table 2. Effects of various conditions on 10~*M tyramine (TA)- and 10™*M methylene blue (MeB)—iriduce‘d tensions in isolated

mesenteric rings of pigs

Condition NPSS Ca*-free PSS 6-OHDA . 6-OHDA P,r.azosin
Conc. — — (%) 107*M (%) 2X 107*M (%) 107°M (%)
TA 4.7+£0.5 2.2+0.3(53.2) 4.8+0.6 (—2.1) 2.0+0.4 (57.5)* 0.8+0.2 (82.9)
MeB 9.6+0.8 2.7+0.4 (71.9)* 10.5+1.8 (-9.4) 6.7+0.6 (30.2) 2.1+0.4 (78.1)

Numerals show the mean active tension + SEM (g) of 12-28 rings from 6-12 pigs. (— %) shows a potentiation. Other details

are in text and table 1.
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Fig. 8. Effect of an additive dose of methylene blue (MeB) or tyramine (TA) on tyramine (upper)- or methylene blue (lower)-
induced tension in an isolated mesenteric ring, respectively: Upper and lower traces are obtained from two different
rings of a mesenteric branch. The indicated drug (10"M) was added to the bath at each dot. Calibration marks are

drawn at each part of traces.
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Fig. 9. Effect of 6-hydroxydopamine (6-OHDA) treatment on tyramine (TA)- and methylene blue (MeB)-induced tension
in an isolated mesenteric ring. Second and third panels were obtained at 30 and 60 min after washout of the previous
drugs, respectively. Upper and lower rings are two different ones obtained from a mesenteric branch. The indicated
drug (10™M) was added to the bath at each dot. Calibration marks are drawn at each part of traces.

contracted by 10 M tyramine, with the maximum
tension of 4.7+£0.5g (28 rings). When the MeB-
induced tension had maximally developed, further
addition of the tyramine did not significantly aug-
ment the contraction (Fig. 8). To the contrary, when
the tyramine-induced tension had reached steady-
state, the addition of MeB markedly potentiated the
contraction (Fig. 8).

Ca?*-free PSS. In Ca*-free media both contrac-
tions induced by MeB and tyramine were inhibited
to 71.9% and 53.2% of the tension produced in nor-
mal PSS, respectively. And the inhibitory rate to MeB
was significantly greater than to tyramine (Table 2).

6-Hydroxydopamine, The 10 M 6-OHDA pro-
duced an abrupt and persistent contraction and the
6-OHDA-induced tension was reproducible when



repeatedly given at intervals of 1 to 2 hours (Fig. 9).
Both contractions induced by tyramine and MeB
were not affected by pretreatment with 10*M
6-OHDA for 20 minutes. On the contrary, the
6-OHDA did not produce any contraction in the
preparation that MeB once had been tested (Fig. 9).
After the rings were treated with 2 x 10-* M 6-OHDA
for 60 minutes, however, both the tyramine- and
MeB-induced tensions were inhibited to 57.5% and
30.2% of the control, respectively (Table 2).

Prazosin. Pretreatment with 10-°M prazosin for
30 minutes markedly'inhibited both tyramine- and
MeB-induced tensions (Table 2).

DISCUSSION

Among the four dyes tested in the present study,
MeB and gentian violet produced contractions of the
rabbit thoracic aorta in a dose-dependent fashion,
whereas evans blue and eosin yellowish, up to 10*M,
had no effects. It is mostly likely that the difference
results from the specificity of the molecular struc-
tures and being the only common structure found in
those which elicit contractile response, the
dimethylamino radical is suggested to the structure
involved in the specificity.

MeB is able to pass through cell membranes easi-
ly, thus having inherent ability to modulate the
physiological process in cells. Indeed, a wide variety
of pharmacological action of MeB is being reported
recently. It has been reported that MeB as well as
hemoglobin or myoglobin inhibits the nitric oxide-
induced relaxation of the vascular smooth muscle,
but not catecholamine-induced one (Gruetter et al.,
1979, 1980; Lippton ef al., 1982). However, recent
studies have shown that hemoglobin does not inhibit
relaxations induced by sodium nitroprusside, organic
nitrate and nitrosoguanidine but MeB is capable of
effectively inhibiting them. The reason suggested is
that lipid-soluble nitro compounds easily pass
through cell membrane and produce relaxant
response by releasing or synthesizing nitric oxide in
the cell, and that MeB also can easily enter into the
interior of the cell, while hemoprotein can not. As
expected from their permeabilities, MeB inhibits the
action of the nitric oxide released in the cells, but
hemoprotein does not (Grutter ef al., 1981; Ignarro
et al., 1981).

It has been shown by several research groups that
nitrogen oxide-containing vasodilators increase the
guanylate cyclase activity of vascular smooth
muscles, leading to increased synthesis of cyclic GMP

which initiates the relaxation process. Thus,
guanylate cyclase may be the intracellular receptor
for the nitro compounds (Ignarro et al., 1982; Wolin
et al., 1982; Ignarro and Kadowitz 1985). MeB selec-
tively inhibits vascular smooth muscle relaxation in-
duced by the nitro compounds and this is shown to
be due to inhibition of both guanylate cyclase activity
and tissue accumulation of cyclic GMP (Ignarro et
al., 1981; Edwards et al., 1984). MeB is also able to
increase the ‘‘resting tone”’ of vascular smooth mus-
cle by decreasing cyclic GMP level. These facts in-
dicate that the cyclic GMP level and vascular smooth
muscle relaxation are closely related biological pro-
cess (Kukovetz et al., 1981; Ignarro and Kadowitz
1985). Furthermore, MeB inhibits EDRF-dependent
relaxant response to acetylcholine and enhances con-
tractile response to acetylcholine itself, owing to its
inhibitory action of EDRF release (Martin et al.,
1985; Luckhoff ef al., 1987; Nagase ef al., 1987). As
reported above, MeB is capable of blocking the
various processes involving the relaxant response of
vascular smooth muscles, so that the MeB-induced
contraction observed in the present study could also
be accounted for by its effects of decreasing some
factors involved in the relaxant response, such as
cyclic EMP and/or EDRF.

However, it is doubtful whether decrease of the
relaxant factor itself will bring about such a marked
contraction. For the contractions induced by either
MeB or gentian violet were dose-dependent and the
MeB contraction was inhibited by the drugs which
are not directly related to cyclic GMP or EDRF. Such
results strongly suggest that some mechanisms, beside
the process concerned with cyclic GMP and/or
EDREF, participate in the MeB contraction. The MeB
contraction was completely abolished by prazosin,
a,-adrenoceptor antagonist, and was abolished or
significantly attenuated either by reserpine, NE
depletor in the sympathetic nerve endings, or by
6-OHDA, sympathetic nerve ending degenerator.
These results may be interpreted as indicating that
MeB releases NE from sympathetic nerve endings and
produces the contractile response of vascular smooth
muscle through a,-adrenoceptors. In support of this
postulation Matsuoka et al., (1985, 1987) claimed
that cyclic GMP-decrease itself could not play a ““trig-
ger’’ role for the contraction, even though the
decrease of cyclic GMP level by MeB could augment
other drugs-induced contractions. Thus it seems
reasonable to assume that the MeB-induced contrac-
tion in vascular smooth muscle is not caused by
decreasing of cyclic GMP level, but induced by releas-
ing of NE from nerve endings.



Tyramine is one of the drugs which release NE
from nerve endings and elicits contraction in vascular
smooth muscle. Therefore, in the present study the
contractile response to MeB was compared with that
to tyramine. In the rabbit rings, guanethidine, which
blocks release and uptake of NE from sympathetic
nerve endings, completely abolished the tyramine-
induced tension but did not affect the MeB-induced
tensions. The 10™* M 6-OHDA-pretreament com-
pletely abolished the tyramine-induced tension while
markedly inhibited but did not abolish the MeB-
induced one. Both tyramine and MeB contractions
in the porcine rings were resistant to the 10™*M
6-OHDA. However, both MeB- and tyramine-
induced tensions were significantly inhibited when
6-OHDA concentration is double to 2 x 10*M, with
the former being more sensitive to 6-OHDA than the
latter. Both tensions were also significantly inhibited
in Ca?*-free PSS, with the tyramine being more resis-
tant than the MeB. Summing up, the tyramine-
induced tension was more sensitive to guanethidine
and 6-OHDA than the MeB-induced one, while the
latter was more sensitive to Ca?*-free PSS and reser-
pine than the former. And both tensions showed
similar sensitivity to prazosin ihese, results strongly
suggest that both tyramine and MeB elicit contrac-
tile response through the a,-adrenoceptors in vascular
smooth muscle by releasing NE from adrenergic
nerve endings, even though mechanisms involved in
NE release by the two drugs may not be identical.
Moreover, further addition of 107*M MeB, when
10*M tyramine-induced tension was at the max-
imum, produced markedly additive contraction. And
the tyamine-induced contraction itself was persistent
and reproducible, whereas the MeB-induced one was
neither persistent nor reproducible. Once MeB
(10~*M) contraction had been tested, either tyramine
or MeB could not elicit any responses until 3 to 5
hours after washing the preparations with fresh PSS.
In addition, in the porcine mesenteric rings 6-OHDA
can produce contraction repeatedly. However, it
could not elicit any changes in basal level of the ring,
once the MeB had been applied betfore. These sug-
gest that the NE-releasing action of MeB is irrever-
sible and more powerful than that of tyramine or
6-OHDA, and that MeB may also inhibit reuptake
of released NE. Indeed, Matsuoka ef al. (1987) have
reported that MeB inhibited [*H}-norepinephrine
uptake.

Conclusively, our present data suggest that MeB-
induced contractions of rabbit thoracic aorta and
porcine mesenteric artery result from a release of en-
dogenous NE from adrenergic nerve endings, and are

dependent in part on extracellular calcium, and that
MeB depletes NE in nerve endings by releasing NE
and inhibiting reuptake of NE.
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