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1 The present study was undertaken to determine the modulatory e�ects of the endothelin peptides on
the neurogenically-induced release of endogenous noradrenaline (NA) and the cotransmitter adenosine
5'-triphosphate (ATP) from the sympathetic nerves of endothelium-free segments of the rat isolated tail
artery. The electrical ®eld stimulation (EFS, 8 Hz, 0.5 ms, 3 min) evoked over¯ow of NA and ATP, in
the absence of endothelins, was 0.035+0.002 pmol mg71 tissue and 0.026+0.002 pmol mg71 tissue,
respectively.

2 Endothelin-1 (ET-1; 1 ± 30 nM) signi®cantly reduced the EFS evoked over¯ow of both NA and ATP.
The maximum inhibitory e�ect was produced by a peptide concentration of 10 nM, the amount of NA
over¯ow being 0.020+0.002 pmol mg71 and that of ATP over¯ow 0.015+0.001 pmol mg71. Higher
peptide concentrations (100 and 300 nM) reversed the EFS-evoked over¯ow of NA to control levels and
that of ATP to above control levels. The inhibitory e�ect of ET-1 (10 nM) was resistant to the selective
ETA receptor antagonist cyclo-D-Trp-D-Asp(ONa)-Pro-D-Val-Leu (BQ-123) but was prevented by ETB

receptor desensitization with sarafotoxin S6c (StxS6c) or by ETB receptor blockade with N, cis-2,6-
dimethylpiperidinocarbonyl-L-gmethylleucyl-D-1-methoxycarbonyltryptophanyl-D-norleucine (BQ-788).

3 StxS6c, upon acute application, exerted a dual e�ect on transmitter release. At concentrations of
0.001 ± 0.3 nM the peptide signi®cantly reduced the EFS-evoked NA over¯ow, whereas at concentrations
of 1 ± 10 nM it caused a signi®cant increase in the evoked over¯ow of both ATP and NA. Both the
maximum inhibitory e�ect of StxS6c at a concentration of 0.003 nM (approximately 85% reduction of
NA over¯ow and 40% of ATP over¯ow) and the maximum facilitatory e�ect of the peptide at a
concentration of 3 nM (approximately 400% increase of ATP over¯ow and 200% of NA over¯ow) were
completely antagonized by either BQ-788 or by StxS6c-induced ETB receptor desensitization.

4 ET-3 (10 ± 100 nM) did not a�ect the EFS evoked over¯ow of either ATP or NA, but at a
concentration of 300 nM signi®cantly potentiated the release of both transmitters (0.118+
0.02 pmol mg71 tissue ATP over¯ow and 0.077+0.004 pmol mg71 NA over¯ow). This e�ect was
prevented either by BQ-123 or by BQ-788.

5 In summary, the endothelin peptides exerted both facilitatory and inhibitory e�ects on the
neurogenically-induced release of the sympathetic cotransmitters ATP and NA in the rat tail artery. Both
transmitters were modulated in parallel indicating that the endothelins do not di�erentially modulate the
release of NA and ATP in this tissue.
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Introduction

Endothelin, discovered as a potent vasoactive peptide
produced by cultured endothelial cells (Yanagisawa et al.,

1988a), comprises a family of peptides, endothelin-1 (ET-1),
ET-2 and ET-3, that appear to function predominantly as
local, rather than circulating hormones (Yanagisawa et al.,

1988b; Inoue et al., 1989). Sarafotoxins, isolated from the
venom of the snake Atractaspis engaddensis, possess structural
features and pharmacological activities similar to those of the
endothelins (Kloog et al., 1988).

Since their discovery, the biological activity of the
endothelins has been exempli®ed by their profound actions
on the cardiovascular system. It is quite likely that these

endogenous peptides have physiological and pathological
signi®cance in cardiovascular homeostasis (see Rubanyi &
Poloko�, 1944 for review). Besides their potent direct

vasoconstrictor actions endothelin peptides may exert indirect

control of vascular tone via modulation of sympathetic
neurotransmission. Indeed, shortly after its identi®cation,

endothelin was shown to potentiate nerve-induced contrac-
tions in a number of vascular and non-vascular tissues (Hiley
et al., 1989; Maggi et al., 1989; Tabuchi et al., 1989a; Wiklund

et al., 1989; Mutafova-Yambolieva et al., 1992). Furthermore,
ET-1 has been shown to reduce [3H]-noradrenaline ([3H]-NA)
release in some sympathetically innervated tissues such as the
rat mesenteric artery (Tabuchi et al., 1989b), guinea-pig

femoral artery, pulmonary artery and vas deferens (Wiklund
et al., 1988; 1989; 1990). Most experimental evidence indicates
that endothelins (especially ET-1) inhibit NA release from

sympathetic nerve terminals, but potentiate the biological
actions of NA on postjunctional sites, thus leading Wiklund et
al. (1991) to postulate that `a general pattern in the

neuromodulation by the endothelins is seen: a prejunctional
inhibitory e�ect and a stimulatory postjunctional e�ect'.
However, neurotransmission to various vascular and non-

vascular sympathetically innervated tissues involves at least
two cotransmitters, adenosine 5'-triphosphate (ATP) and NA
(Sneddon & Westfall, 1984; Burnstock, 1990). When a
substance a�ects the release of NA it has often been assumed

that the release of ATP will be similarly in¯uenced. However,
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the validity of this assumption has been questioned by ®ndings
which imply that the two cotransmitters are not always
released or modulated in parallel (Burnstock, 1990; Msghina

et al., 1992; Todorov et al., 1994; 1996; Driessen et al., 1996).
Moreover, a di�erential modulation of the release of ATP and
NA has been found for ET-3 in the guinea-pig vas deferens

(Mutafova-Yambolieva & Westfall, 1995), suggesting that this
may also be the case in blood vessels. Indirect evidence for
modulatory e�ects of ET-1 on the purinergic component of the
nerve-induced contraction has also been obtained in the rat vas

deferens (Mutafova-Yambolieva & Radomirov, 1993) and the
rabbit saphenous artery (Mutafova-Yambolieva & Radomir-
ov, 1994). Although there is evidence for ET receptors in

neuronal tissues (Jones et al., 1991; Takimoto et al., 1993), the
functional role of these neuronal receptors in the modulation
of neurotransmitter release by endothelin has not been

investigated.
Therefore, in the present study we examined the e�ects of

endothelin peptides and putative ET receptor antagonists on
the neurogenically-induced release of NA and ATP in

endothelium-free segments of rat tail arteryÐa model tissue
for studying sympathetic cotransmission (Sneddon & Burn-
stock, 1985; Westfall et al., 1987; Bao et al., 1990; 1993).

Methods

Male Wistar rats (weighing 220 to 280 g) were killed by CO2

overdose followed by exsanguination. As long a segment as

possible of ventral caudal artery (generally about 10 cm) was
removed and cleaned of connective tissue while being kept in
oxygenated physiological salt solution (PSS). After being
¯ushed with PSS the artery was cut into 3 mm ring

segments. The lumen of each segment of artery was gently
rubbed by passing a syringe needle back and forth.
Following this procedure, the absence of endothelium was

con®rmed histologicaly in some segments with a silver
nitrate staining technique (Abrol et al., 1984). Each
experiment consisted of placing the denuded rings of one

tail artery into a 200 ml plastic superfusion chamber. The
top and the bottom of each chamber were ®tted with
platinum nets that served as the stimulating electrodes. The
tissues were superfused at a rate of 1.85 ml min71 with PSS

of the following composition (mM): NaCl 110, KCl 4.6,
CaCl2 2.5, NaHCO3 24.8, KH2PO4 1.2, MgSO4 1.2 and
glucose 5.6. The solution was maintained at 358C and

continually bubbled with 95% O2 and 5% CO2. After
60 min equilibration, the tissues were subjected to a
`conditioning' stimulation, which consisted of a 3 min period

of electrical ®eld stimulation (EFS) with square wave pulses
of 0.5 ms duration and a frequency of 8 Hz delivered from a
Grass S48 stimulator. A second 3 min stimulation was

applied 30 min later at which time superfusion solution was
collected for the analysis of NA and ATP. Three minute
samples of superfusion solution were collected before and
during the EFS and analysed for the content of ATP by

high-performance liquid chromatography (h.p.l.c.) ¯uores-
cent detection and for NA by h.p.l.c.-electrochemical
detection, as described in detail previously (Sedaa et al.,

1990).
ET-1, ET-3 or sarafotoxin S6c (StxS6c, acute administra-

tion) were added 20 min before the EFS. In some

experiments the e�ects of ET-1, ET-3 or StxS6c were
examined after pretreating tissues for 20 min either with the
ETA receptor antagonist (cyclo-(D-Trp-D-Asp(ONa)-Pro-D-
Val-Leu) (BQ-123; 1 or 10 mM), with the ETB receptor

antagonist (N, cis-2,6-dimethylpiperidinocarbonyl -L-gmethyl-
leucyl-D-1-methoxycarbonyltryptophanyl-D-norleucine) (BQ-
788, 1 mM) or with the combination of both BQ-123 and

BQ-788. In other experiments the tissues were pretreated for
45 min with StxS6c (150 nM) to desensitize the ETB

receptors (Henry, 1993), then washed with PSS for 30 min

before application of the endothelin peptides. The e�ect of
only one concentration of endothelin was tested in a single
tissue.

To evaluate the major source of electrically-evoked ATP

over¯ow in this study separate sets of experiments were
performed consisting of: (i) 30 min pretreatment with
tetrodotoxin (TTX) at a concentration of 1 mM; (ii) 120 min
pretreatment with guanethidine at a concentration of 10 mM;
(iii) 20 min pretreatment with prazosin at a concentration of
1 mM; (iv) pretreatment with prazosin (1 mM) and suramin

(300 mM) for 20 min; (v) pretreatment for 3 ± 5 min with
methoxamine at a concentration of 20 mM. In other experi-
ments the animals were treated subcutaneously with reserpine,
48 h (5 mg kg71) and 24 h (2.5 mg kg71) before the experi-

ment (Khoyi et al., 1988), in order to deplete noradrenaline. In
some experiments tissues from reserpine-pretreated animals
were exposed for 20 min to suramin (300 mM).

Data are presented as means+s.e.mean. Means were
compared by Student's unpaired t test. A probability value
of less than 0.05 was considered signi®cant. The results were

obtained from 316 animals (respectively number of experi-
ments, n).

Materials

Endothelin-1 (ET-1), endothelin-3 (ET-3), tetrodotoxin (TTX),
prazosin, methoxamine, reserpine and guanethidine were

obtained from Sigma Chemical Company (Saint Louis, MO,
U.S.A.). Sarafotoxin S6c (StxS6c), cyclo(-D-Trp-D-Asp(ONa)-
Pro-D-Val-Leu (BQ-123), N,cis-2,6-dimethylpiperidinocarbo-

nyl-L-gmethylleucyl-D-1-methoxycarbonyltryptophanyl-D-nor-
leucine (BQ-788) were obtained from Research Biochemical
International (Natick, MA, U.S.A.), and suramin from

Calbiochem (La Jolla, CA, U.S.A.). StxS6c, BQ-123 and BQ-
788 were dissolved in 0.1% bovine serum albumin in saline and
further diluted in PSS. Reserpine was dissolved in 20%
ascorbic acid. All other drugs were initially dissolved in

redistilled water and further diluted in PSS.

Results

Electrically-evoked over¯ow of NA and ATP

There were no detectable amounts of either ATP or NA in
samples collected for 3 min before stimulation of endothe-

lium-free rat tail artery (data not shown). The EFS-evoked
over¯ow of both ATP and NA and the e�ects of di�erent
compounds on this over¯ow are shown in Figure 1. The
over¯ow of both ATP and NA was signi®cantly reduced after

1 mM TTX or 10 mM guanethidine (Figure 1a). In the
preparations from reserpine-pretreated rats the over¯ow of
NA was almost abolished but that of ATP was not a�ected

(Figure 1b). The over¯ow of NA was enhanced after
pretreatment with prazosin (1 mM), but the over¯ow of ATP
was unchanged (Figure 1b). Addition of suramin (300 mM) to
the prazosin-pretreated tissues was no more e�ective than was
prazosin alone, i.e. increased NA over¯ow and unmodi®ed
ATP over¯ow (Figure 1c). Suramin applied to tissues from
rats treated with reserpine did not a�ect the over¯ow of ATP
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(Figure 1c). Methoxamine (30 mM) did not evoke the
appearance of measurable amounts of ATP or of NA in

prestimulation samples (data not shown).

E�ects of ET-1, ET-3 and StxS6c on electrically-evoked
over¯ow of NA and ATP

In resting (no EFS) conditions ET-1, ET-3 or StxS6c did not

cause release of ATP or NA (data not shown). The e�ects
of increasing concentrations of ET-1 on the electrically-
induced over¯ow of NA and ATP are shown in Figure 2a.
ET-1 had a bell-shaped e�ect on the over¯ow of NA

consisting of a reduction in NA over¯ow at concentrations

of 1 ± 30 nM and reversal of the NA over¯ow to control
levels upon application of higher peptide concentrations (100

and 300 nM). ET-1 produced similar e�ects on the over¯ow
of ATP, reaching the maximum inhibitory e�ect at a
concentration of 10 nM. Higher peptide concentrations (100

and 300 nM) led to a signi®cant elevation of ATP over¯ow.
StxS6c (acute application) had a dual e�ect on the EFS-
evoked over¯ow of NA consisting of a signi®cant reduction

of the over¯ow at peptide concentrations of 0.001 ± 0.3 nM
and signi®cant potentiation at concentrations of 1 ± 10 nM
(Figure 2b). The maximum inhibitory e�ect was reached at a
concentration of 0.003 nM and the maximum facilitatory

e�ect at a concentration of 3 nM. The e�ects of StxS6c on
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Figure 1 Over¯ow of ATP and noradrenaline (NA) in endothelium-
free segments of the rat isolated tail artery evoked by electrical ®eld
stimulation (EFS) of 0.5 ms pulses at 8 Hz for 3 min. (a) The e�ects
of treatment with tetrodotoxin (TTX; 1 mM) and guanethidine
(10 mM) on the EFS evoked over¯ow of ATP and NA. (b) The
e�ects of treatment with prazosin (1 mM) and pretreatment of animals
with reserpine (5 mg kg71 at 48 h and 2.5 mg kg71 at 24 h before
the experiment) on the EFS-evoked over¯ow of ATP and NA. (c)
The e�ects of combined prazosin and suramin (300 mM) treatment
and combined suramin and reserpine pretreatment on the EFS
evoked over¯ow of ATP and NA. Each column shows the mean and
s.e.means of 4 ± 13 experiments. In this and subsequent ®gures the
asterisk indicates a signi®cant di�erence from control, P50.05.
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Figure 2 The e�ect of endothelin-1 (ET-1), sarafotoxin S6c (StxS6c)
and endothelin-3 (ET-3) on the over¯ow of ATP and NA
(pmol mg71 tissue) in endothelium-free segments of the rat isolated
tail artery evoked by EFS of 0.5 ms at 8 Hz for 3 min. (a)
Concentration-dependent e�ects of ET-1. (b) The e�ect of acute
application of StxS6c. (c) The e�ect of ET-3. Each point represents
the mean of 4 ± 9 experiments; vertical lines show s.e.mean.
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the over¯ow of ATP resembled those on the over¯ow of
NA, though with regards to ATP over¯ow the inhibitory
e�ect was less pronounced and the facilitatory e�ect more

pronounced than that on NA over¯ow. Thus, in the
presence of 0.003 nM StxS6c the over¯ow of ATP was
reduced from 0.026+0.001 pmol mg71 tissue in controls

(n=10) to 0.017+0.002 pmol mg71 tissue (n=4), P50.01,
whereas the over¯ow of NA was decreased from
0.035+0.002 pmol mg71 tissue (n=13) in controls to
0.005+0.001 pmol mg71 tissue (n=4) in the presence of

StxS6c at 0.003 nM, P50.001. ET-3 did not modify the
EFS-induced over¯ow of either ATP or NA at concentra-
tions of 10 to 100 nM, but did cause signi®cant potentiation

of both ATP and NA over¯ow at a concentration of 300 nM
(Figure 2c).

E�ect of BQ-123, BQ-788 or desensitization of ETB

receptors by StxS6c on the e�ects of ET-1, StxS6c and
ET-3 on the over¯ow of ATP and NA

The most pronounced e�ects of the three peptides (i.e., ET-1 at
a concentration of 10 nM, StxS6c at concentrations of
0.003 nM and 3 nM and ET-3 at a concentration of 300 nM)

were further characterized by use of the selective ETA receptor
antagonist BQ-123 (Ihara et al., 1992) and the selective ETB

receptor antagonist BQ-788 (Ishikawa et al., 1994). Potential

ETB-like receptor-mediated e�ects were also studied by
prolonged incubation of the tissue with StxS6c leading to
desensitization of ETB receptors (Henry, 1993).

Neither BQ-123, BQ-788 nor desensitization of ETB

receptors by StxS6c modi®ed signi®cantly the EFS-induced
over¯ow of ATP (Table 1). The over¯ow of NA was una�ected
by BQ-788 and BQ-123, but signi®cantly inhibited by StxS6c-

induced ETB receptor desensitization. The inhibitory e�ect of
ET-1 on the over¯ow of both ATP and NA was not modi®ed
by pretreatment with BQ-123 at concentrations of 1 or 10 mM
but was completely prevented by BQ-788. StxS6c-induced
desensitization of ETB receptors abolished the e�ect of ET-1
on the over¯ow of ATP.

The inhibitory e�ect of StxS6c at a concentration of
0.003 nM on the electrically-induced over¯ow of NA was
signi®cantly reduced from 0.006+0.001 pmol mg71 tissue
(n=6) in the absence of BQ-788 to 0.032+0.04 pmol mg71

tissue (n=5) in the presence of BQ-788 and to 0.046+0.008
(n=4) after StxS6c-induced desensitization. The facilitatory
e�ect of StxS6c at a concentration of 3 nM on the over¯ow of

both ATP and NA was also completely prevented either by

BQ-788 or by StxS6c-induced ETB receptor densensitization
(Figure 3).

The potentiating e�ect of ET-3 at a concentration of

300 nM on the EFS-induced over¯ow of both ATP and NA
was prevented by either BQ-123 or BQ-788, and in fact BQ-123
reversed the action of ET-3 on NA over¯ow i.e. after treatment

with BQ-123, ET-3 caused a signi®cant inhibition of
electrically-evoked release of NA (Figure 4).

Discussion

Wiklund et al. (1988, 1990, 1991) and Tabuchi et al. (1989b)

have shown that ET-1 causes a reduction of the nerve-induced
release of NA. The present study con®rms these observations

Table 1 E�ect of ET-1 (10 nM) and the ET receptor
antagonists BQ-123 (10 mM), BQ-788 (1 mM) and StxS6c
(150 nM)-induced desensitization (StxS6c des) on the elec-
trically-evoked over¯ow of ATP and NA in the rat tail
artery

ATP over¯ow NA over¯ow
(fmol mg±1 tissue) (fmol mg±1 tissue)

Control
ET-1
BQ-123
BQ-123+ET-1
BQ-788
BQ-788+ET-1
StxS6c des
StxS6c des+ET-1

26+1 (10)
15+1* (7)
26+3 (6)
17+1* (4)
29+3 (5)
30+2 (7)
31+5 (7)
28+5 (6)

35+2 (13)
20+2* (7)
43+6 (6)
23+3* (4)
27+2 (5)
24+3 (7)
16+3* (7)
55+7* (6)

Data are expressed as means+s.e.mean. Number of
experiments in parentheses. *Signi®cant di�erence
(P<0.05) in comparison to the corresponding control.
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Figure 3 The e�ect of StxS6c (3 nM) on the over¯ow of ATP and
NA (pmol mg71 tissue) in endothelium-free segments of the rat
isolated tail artery evoked by EFS of 0.5 ms at 8 Hz for 3 min before
and after treatment with BQ-788 (1 mM) or desensitization (des) of
ETB receptors by StxS6c at 150 nM for 45 min. Each column shows
the mean and s.e.means of 4 ± 7 experiments.
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Figure 4 The e�ect of ET-3 (300 nM) on the over¯ow of ATP and
NA (pmol mg71 tissue) in endothelium-free segments of the rat
isolated tail artery evoked by EFS of 0.5 ms at 8 Hz for 3 min before
and after treatment with BQ-123 (1 mM) or BQ-788 (1 mM). Each
column shows the mean and s.e.means of 4 ± 7 experiments.
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and, in addition, provides information about other endothe-
lins, as well as describing a methodology that allows for the
simultaneous evaluation of the release of both endogenous NA

and ATP. Our results suggest that these peptides lead to both
inhibitory and facilitatory e�ects on the release of NA and
ATP and, also, indicate that endothelins do not di�erentially

modulate the release of the cotransmitters in this tissue.
It is generally accepted that nerve stimulation-evoked

release of NA originates exclusively from sympathetic
neurones. However, ATP may originate from either neuronal

or extraneuronal sources. The endothelium is considered to be
the major extraneuronal source of ATP (Pearson & Gordon,
1979; Sedaa et al., 1990; Buxton et al., 1990; Shinozuka et al.,

1991; 1994). Since the goal of the present study was to explore
the e�ects of endothelins on the neuronal release of ATP, we
employed endothelium-free arteries. Functional and histologi-

cal evidence indicated that the endothelium had been removed.
For example, methoxamine, an agent shown to cause the
release of ATP predominantly from the endothelium (Sedaa et
al., 1990; Shinozuka et al., 1991) failed to release measurable

amounts of ATP in the samples collected before EFS. Further,
the EFS-evoked over¯ow of ATP was almost equal to the
over¯ow of NAÐa ®nding indicating non-endothelium origin

of ATP (Sedaa et al., 1990). Besides the endothelium, it has
been suggested that ATP can originate from the smooth
muscle cells upon contraction evoked either by neuronally

released NA (NA-evoked ATP over¯ow) or by neuronally
released ATP (ATP-evoked ATP over¯ow). However, in the
present study the over¯ow of ATP was apparently independent

of NA action, because the ATP over¯ow was not reduced
either by depletion of NA following reserpine pretreatment or
by a1-adrenoceptor blockade with prazosin. Pretreatment with
suramin, an antagonist of P2-postsynaptic purinoceptors, did

not reduce ATP over¯ow either when suramin was applied
alone or when it was administered in tissues from reserpine-
treated animals, thus providing evidence that the EFS-evoked

over¯ow of ATP was not an `ATP-evoked' over¯ow. Finally,
the electrically-induced over¯ow of both ATP and NA was
signi®cantly reduced after pretreatment with tetrodotoxin or

guanethidine, indicating that the over¯ow of both substances
was action potential induced. We conclude, therefore, that the
ATP over¯ow in this study re¯ects primarily release from
sympathetic nerves.

The present study con®rms the observations that ET-1
inhibits NA release and, in addition, provides evidence that ET-
1 also causes a reduction of the nerve-induced release of ATP.

The inhibitory e�ect of ET-1 on the EFS-evoked over¯ow of
cotransmitters was not antagonized by the ETA-receptor
antagonist BQ-123 but was completely sensitive to ETB receptor

blockade (BQ-788 or StxS6c induced ETB receptor-desensitiza-
tion), indicating that the inhibitory e�ect of ET-1 on the release
of both ATP andNAmay be mediated by ETB-like receptors. If

this is the case, one would expect the ETB-speci®c receptor
agonist StxS6c (acute application) to cause inhibition of
transmitter release as well. Indeed, in the picomolar concentra-
tion range StxS6c caused inhibition of the evoked NA and ATP

release. Moreover, this e�ect was abolished by both BQ-788 or
by StxS6c-induced ETB receptor desensitization, supporting the
notion that the inhibitory e�ects on neurotransmitter release

may be mediated by presynaptic ETB-like receptors.
Interestingly, StxS6c exerted a dual e�ect. In addition to

its inhibitory action at pmol concentrations this peptide

facilitated the release of both ATP and NA at nanomolar
concentrations. This facilitatory e�ect did not occur
following ETB receptor blockade, indicating that this e�ect
of StxS6c may also be mediated by ETB-like receptors.

There is precedence for the idea that endothelins may
increase transmitter release. For example, in studies with the
rabbit isolated bronchus and rat iris sphincter, ET-3

potentiated cholinergic nerve induced contractions without
a�ecting the postjunctional sensitivity to cholinoceptor
agonists. Therefore, it was concluded that ET-3 enhanced

transmitter release (McKay et al., 1993; Shinkai et al., 1994).
In a previous study with guinea-pig vas deferens, we also
found that endothelins produce both facilitatory and
inhibitory e�ect on transmitter release (Mutafova-Yambo-

lieva & Westfall, 1995). The present study provides another
example of the existence of both facilitatory and inhibitory
e�ects of the endothelins on transmitter release from a single

tissue, in this case a blood vessel. Interestingly, the
desensitization of the ETB receptors by prolonged adminis-
tration of StxS6c signi®cantly reduced NA over¯ow and did

not a�ect ATP over¯ow. The reason for this di�erential
modulation of electrically-evoked over¯ow of the two
neurotransmitters is unknown at present.

Considering the uniform agreement that ETB receptors

are nonselective (Sakurai et al., 1992), one would expect ET-
3 to exert similar e�ects to those of ET-1. However, the
e�ects of this peptide are unusual. ET-3 did not have any

e�ect on transmitter release at concentrations up to 100 nM,
but caused an increase in the evoked release of both ATP
and NA at a concentration of 300 nM. We hypothesized that

this facilitatory e�ect of ET-3 was mediated by the
facilitatory ETB-like (thus BQ-788-sensitive) receptors.
Indeed, BQ-788 completely blocked this e�ect of ET-3. In

addition, the potentiation was sensitive to the ETA-selective
antagonist BQ-123. Thus the receptors that mediate the
facilitatory actions of ET-3 are sensitive to both BQ-123 and
BQ-788. Whether or not this receptor is the same as that

(presumably ETB-like) which mediates the facilitatory e�ect
of StxS6c was not determined. The presence of an atypical
receptor, speci®c for ET-3, cannot be ruled out. It is

interesting to note that these ®ndings are similar to previous
observations concerning the facilitatory e�ects of ET-3 on
the evoked release of ATP in the guinea-pig vas deferens, in

that the facilitatory e�ect was sensitive to both BQ-123 and
desensitization of ETB receptors with StxS6c (Mutafova-
Yambolieva & Westfall, 1995).

The distinctive pro®les of two receptor subtypes (ETA and

ETB) for ET-1 and ET-3 has led to the ET-1/ET-3 potency
ratio being used to classify the receptors which mediate the
functional responses of the endothelins. However, the presence

of both facilitatory and inhibitory actions of endothelin
peptides in this tissue makes the characterization of the ET
receptors di�cult. In other words, the responses mediated by

the one type of receptor (e.g. inhibitory) may be confounded
by a concomitant a�nity for a receptor subtype mediating the
opposite (e.g. facilitatory) e�ect. The two opposing e�ects of

the endothelin peptides appear to be mediated by at least two
functionally distinct receptors, which pharmacologically could
be characterized as: (1) an inhibitory receptor activated by ET-
1 and StxS6c but not ET-3, which can be desensitized by

StxS6c, antagonized by BQ-788 but is insensitive to BQ-123,
and (2) an excitatory receptor activated by both ET-3 and
StxS6c, but not by ET-1 which can be desensitized by StxS6c

and is antagonized by both BQ-788 and BQ-123.
In conclusion, this study provides evidence that the

endothelin peptides may exert both facilitatory and inhibitory

e�ects on the neuronally-induced release of transmitters at the
autonomic sympathetic neuroe�ector junction in rat tail artery
and that these neuromodulatory e�ects may be mediated by
two subtypes of endothelin receptor. The peptide action,
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therefore, is the result of two counteracting e�ects. Further, it
appears that in the rat tail artery (in contrast to the guinea-pig
vas deferens, e.g. Mutafova-Yambolieva & Westfall, 1995) the

endothelins do not di�erentially modulate the release of the
cotransmitters, ATP and NA.

This work was supported by a Fogarty International Fellowship
(TWO4978) to V.M.-Y. and an NIH Research Grant (HL38126) to
D.P.W.
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