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1 Human saphenous veins were used to assess the cooperative participation of adenosine
5-triphosphate (ATP), neuropeptide Y (NPY), and noradrenaline (NA) in the vasomotor responses
elicited following electrical depolarization of the perivascular nerve terminals. Rings from recently
dissected human biopsies were mounted to record isometric muscular contractions; the motor
activity elicited in the circular muscle layer following electrical depolarization (2.5 ± 20 Hz, 50 V,
0.5 msec) were recorded.

2 Incubation of the biopsies with either 100 nM tetrodotoxin (TTX) or 1 mM guanethidine
abolished the vasomotor response elicited by electrical nerve depolarization. The independent
application of either ATP or NA to vein rings induced concentration-dependent contractions.

3 Tissue incubation with 30 mM suramin or 10 nM prazosin produced 10 fold rightward
displacements of the a,b-methylene ATP and NA concentration-response curves respectively. NPY
contracted a limited number of biopsies, the vasoconstriction elicited was completely blocked by
1 mM BIBP 3226. A 5 min incubation of the biopsies with 10 ± 100 nM NPY synergized, in a
concentration-dependent fashion, both the ATP and the ATP analogue-induced contractions.
Likewise, tissue preincubation with 10 nM NPY potentiated the vasomotor responses evoked with
20 ± 60 nM NA.

4 Neither suramin, BIBP 3226, nor prazosin was individually able to signi®cantly modify the
derived frequency-tension curves. In contrast, the co-application of 30 mM suramin and 10 nM
prazosin or 30 mM suramin and 1 mM BIBP 3226, elicited a signi®cant (P50.01) downward
displacement of the respective frequency-tension curves.

5 The simultaneous application of the three antagonists ± 30 mM suramin, 1 mM BIBP 3226 and
10 nM prazosin ± caused a signi®cantly greater displacement of the frequency-tension curve than that
achieved in experiments using two of these antagonists.

6 Electrically-evoked vasomotor activity is blocked to a larger extent by tissue incubation with
2.5 mM chloroethylclonidine and 30 mM suramin rather than with 10 nM 5 methyl urapidil and 30 mM
suramin. As a result, the a1-adrenoceptor involved in the vasomotor activity has tentatively been
associated with the a1B adrenoceptor family subtype.

7 Results support the physiological role of ATP in sympathetic neurotransmission. The present
results are consistent with the working hypothesis that human sympathetic vasomotor re¯exes
involve the coordinated motor action of ATP, NPY, and NA acting on vascular smooth muscle
cells. The present results support the concept of sympathetic co-transmission in the human
saphenous vein.
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Introduction

The view that the sympathetic nervous system is essentially
dependent only on the action of noradrenaline (NA) has been

convincingly challenged. During the past decade, extracellular
adenosine 5'-triphosphate (ATP) has arisen as an integral
component of sympathetic re¯exes, acting in conjunction with
neuropeptide Y (NPY) and noradrenaline (NA). Hence, the

notion of sympathetic co-transmission is ®rmly rooted (Camp-
bell, 1987; Burnstock, 1990).

Implicit in the concept of co-transmission is the notion that
the sympathetic triad ±ATP, NPY and NA±must be co-stored,

co-released and, in addition, they must act postjunctionally in a
coordinated fashion. Two peripheral neuronal systems have
been particularly attractive as models to study the physiology
of co-transmission. The short axon neurons innervating the

rodent vas deferens and the perivascular sympathetic neurons
have played a pivotal role in the genesis of our current
understanding of co-transmission. There is ample evidence of

the co-localization of ATP and NA in the synaptic vesicles of
peripheral nerve terminals, where numerous immunocytochem-*Author for correspondence; E-mail: jphuid@genes.bio.puc.cl
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ical studies have additionally co-localized NPY in the
sympathetic varicosity (Lundberg, 1996). Taking a next step
in the characterization of co-transmission, Fried et al. (1986)

were the ®rst to demonstrate that NPY is co-stored with NA in
the large vesicles of peripheral sympathetic nerve varicosities.
The sympathetic triad is also co-released in both the vas
deferens neuroe�ector junction and the vascular smooth muscle

(Kasakov et al., 1988; Ellis & Burnstock, 1990; Torres et al.,
1992; Donoso et al., 1997a) where the triad co-operates
postjunctionally to produce a motor response (Donoso et al.,

1994; 1997b; Lundberg, 1996; Racchi et al., 1997). Lundberg
(1996) has comprehensively reviewed the latest contributions to
our understanding of sympathetic co-transmission.

Crucial to the elucidation of the co-transmission mechanism
is the pharmacological characterization of membrane bound
receptors for the sympathetic triad of neurochemicals. The

recent cloning of members of the growing family of P2x
purinoceptors (Surprenant et al., 1995; Brake & Julius, 1996)
has con®rmed Burnstock's intriguing proposal for the
extracellular role of ATP (Burnstock, 1972; 1976) and the

subsequent identi®cation of ATP receptors di�ering from
those activated by adenosine (Burnstock & Kennedy 1985;
Valera et al., 1994). Six NPY receptors subtypes have been

cloned (Alexander & Peters, 1997; MalmstroÈ m, 1997). Their
pharmacological characterization is being avidly pursued.
Speci®c drug receptor antagonists have played an increasingly

important role in the pharmacological characterization of
these receptors. Such is the case of suramin, for the
purinoceptors, and BIBP 3226, for the NPY Y1 receptor

respectively (Dunn & Blakely 1988; Rudolf et al., 1994).
In 1987, Ramme et al., demonstrated that ATP is a

neurotransmitter in the jejunal branches of the rabbit
mesenteric artery. Around the same time, it became clear that

NPY was abundantly localized in peripheral perivascular nerve
terminals and linked to the sympathetic control of circulatory
homeostasis (Ekblad et al., 1984; Edvinsson et al., 1984; 1985).

Despite these fundamental observations, relatively little
research has been conducted in vascular smooth muscles to
better identify the nature of sympathetic co-transmission and,

particularly, to characterize the roles played by ATP and NPY
in the physiology of sympathetic re¯exes. Moreover, consider-
ing the potential clinical application of this concept to the
control of the human vascular homeostasis, this concept has

been scarcely investigated in isolated human vessels likely due
to the limited access to human biopsies. Interesting studies
performed in Sweden have demonstrated the presence of NPY

Y1 receptors, and its corresponding mRNA, in omental and
cerebral arteries, and argued positively in favour for its role in
sympathetic co-transmission in human blood vessels (Bergdahl

et al., 1996; Nilsson et al., 1996a, b).
Studies using the human saphenous vein have identi®ed the

presence of a1 and a2 adrenoceptors (MuÈ ller-Schweinitzer,

1984; Steen et al., 1984; Docherty & Hyland 1985; Docherty
1987) and a component of the electrically-evoked motor
response resistant to the simultaneous blockade of both a-
adrenoceptor subtypes (Pelleg & Burnstock, 1990; Taddei et

al., 1990; Stephens et al., 1992). Furthermore, Rump & von
KuÈ gelgen (1994) demonstrated the out¯ow of neuronal ATP
following the electrical stimulation of the perivascular nerves

in this blood vessel. This ®nding is a positive indicator of co-
transmission in this human tissue. In view of the limited
information of co-transmission in human veins, and in an

attempt to study the role of ATP as a component of the
sympathetic triad, the present investigation utilizes human
saphenous vein biopsies as a model blood vessel to
pharmacologically examine the functional contributions of

ATP, NPY and NA receptors to human vascular homeostasis.
These results conform the basis for a more precise under-
standing of the sympathetic re¯exes, showing for the ®rst time

that the vasomotor activity elicited by activation of human
sympathetic perivascular nerves implies the coordinated action
of ATP, NPY and NA.

Methods

Human biopsies and the in vitro mounting of blood
vessel rings

Saphenous vein samples were obtained from at least 90 patients
undergoing cardiac revascularization surgery at our School of
Medicine's Clinical Hospital. Within minutes of resection of the

vein, samples were transported in sterile solution from the
nearby operating room to our laboratory. The samples were
immediately transferred to a container with Krebs-Ringer
solution bubbled with 95% O2/5% CO2 and maintained at

378C. The composition of the Krebs-Ringer bu�er is as follows
(mM): NaCl 118, KCl 5.4, CaCl2 2.5, KH2PO4 1.2, MgSO4 1.2,
NaHCO3 23.8 and glucose 11.1. Ring preparations, 3 ± 4 mm in

diameter, were mounted in bath chambers where circular
muscle layer contractions were recorded isometrically as
previously detailed by Racchi et al. (1997). A basal tension of

1 ± 1.5 g was maintained throughout the experiment.

Experimental protocols

The protocols performed were carried out in accordance with
the recommendations of the School of Medicine Ethics
Committee, as regulated by the P. Catholic University. The

size of the vein biopsy attained was variable, most of the
biopsies generated one and only on occasions the tissue
su�ced to prepare two rings; the `n' indicated in the ®gures

refers to the experiments performed with separate rings
assessed in each experimental protocol. Mounted saphenous
vein rings under conditions of constant bu�er ¯ux, were

equilibrated to 1 ± 1.5 g of tension for 1 h. During the
incubation period, the bu�er was continually changed
favouring the washout of any contaminant drug administered
to the patient prior to or during the surgical procedure. Then

the analytical reference stimulation was carried out with
70 mM potassium chloride and tissue viability was assessed by
cumulatively exposing the ring samples to increasing con-

centrations of NA (0.1 nM ± 10 mM). Rings that did not
respond to the potassium challenge or exhibited less than
0.5 g of tension with the maximal concentration of NA were

discarded. The population of rings that had to be discarded
summed circa 10% of the total biopsy population.

All rings were transmurally deplorized for 30 s by electrical

pulses (70 V, 0.5 ms duration) delivered through platinum
electrodes located at opposite sides of the bath chamber. A
series of stimuli (2.5, 5, 10 and 20 Hz) were applied
sequentially upon complete muscle relaxation, as indicated by

a return to the basal tension. For each segment, this
stimulation protocol was performed twice under normal bu�er
conditions to de®ne the control frequency-tension curve.

Studies with tetrodotoxin and guanethidine

To assess the nature of the contractile responses generated by
electrical depolarization of the nerve endings present in the
biopsies, the frequency-tension curve protocol was performed
in biopsies prior to and following a 10 min incubation with

Human sympathetic co-transmission1176 H. Racchi et al



100 nM tetrodotoxin (TTX). Parallel experiments were
performed incubating the biopsies for 30 min with 1 mM
guanethidine, a drug known to block the vesicular exocytosis

of noradrenaline. Results compare the frequency-contraction
curve obtained before and after guanethidine exposure.

Participation of purinergic receptors

To examine the participation of P2X purinoceptors in the
motor tone of the human saphenous vein, frequency-tension

curves were produced before and after a 30 min incubation
period in the presence of 30 mM suramin. Using the same
incubation protocol, concentration-response curves were

created for the synthetic, slowly degraded analogue, a,b-
methylene ATP. Exogenous ATP was also utilized, although
its pharmacology was not studied in the presence of suramin.

The concentration of suramin chosen for the studies involving
the electrical depolarization of the perivascular nerves was
based on that required to cause a 10 fold rightward
displacement of the a,b-methylene ATP concentration-

response curve.

In¯uence of NPY, studies with BIBP 3226

The e�ect of exogenous applications of 0.1 ± 100 nM NPY was
next examined. In view of the limited number of biopsies that

responded directly with a vasomotor e�ect, few experiments
could be performed to measure the motor e�ect elicited by
NPY before and 15 min after tissue incubation with 1 mM
BIBP 3226. This concentration of the antagonist had been
successfully used in blocking the e�ect of endogenous NPY in
biopsies from human mesenteric vessels (Racchi et al., 1997).
Frequency-tension protocols were performed before and after

a 15 min incubation with 1 mM BIBP 3226 in order to identify
the change in the frequency-tension relation caused by this
receptor antagonist. The drug was then thoroughly ¯ushed

from the system and another frequency-tension curve was
generated to assess the reversibility of BIBP 3226.

NPY-induced potentiation of the vasomotor responses
induced by either ATP, a,b-methylene ATP and NA

To examine whether tissue preincubation with NPY poten-

tiated the vasomotor responses elicited by ATP or a,b-
methylene ATP, an ATP concentration-response protocol was
performed prior to and following a 5 min tissue incubation

with 10 nM NPY. Separate rings were challenged with 3 mM
a,b-methylene ATP in the absence and following a 5 min
preincubation with 10, 30 or 100 nM NPY. Likewise, a NA

concentration-response protocol was performed in separate
biopsies prior to and following a 5 min incubation with 10 nM
NPY. In a separate series of experiments, the biopsies were

challenged with 20 and 60 nM NA in the absence (control) and
following a 5 min incubation with 1 ± 100 nM NPY.

In¯uence of prazosin and other a1-adrenoceptor
antagonists

To determine the participation of the a1-adrenoceptor and its

subtypes, frequency-contraction curves were generated in
biopsies prior to and 30 min after tissue incubation with
10 nM prazosin. This concentration of the antagonist was

chosen for our studies because it displaced the NA
concentration-response curve rightward about 10 fold. The
same biopsy rings were challenged with NA before and after
exposure to this antagonist. In parallel biopsies, the same

protocols were performed, except that prazosin was replaced
by either 1 ± 10 nM 5-methyl urapidil or 1 ± 10 mM chloroethyl-
clonidine. These agents show relative selectivity for a1A- and
a1B-adrenoceptors respectively. Separate ring vessels were
incubated with each antagonist for 30 min before generating
either the NA concentration-response curve or the frequency-
contraction curves.

Combined application of suramin plus prazosin and of
suramin and BIBP 3226

Frequency-tension experiments were performed prior to and
30 min following the simultaneous exposure to 30 mM suramin

and 10 nM prazosin in order to explore additive e�ect of
purinoceptor and a1-adrenoceptor antagonism. In parallel
experiments prazosin was replaced in the antagonist pair by

either 10 nM 5-methyl urapidil or by 2.5 mM chloroethylcloni-
dine. Separate protocols were carried out combining 30 mM
suramin and 1 mM BIBP 3226 to investigate the e�ect of
simultaneously blocking purinoceptors and NPY-Y1 receptors.

In¯uence of the simultaneous application of suramin,
prazosin, and BIBP 3226

Parallel experiments were designed to assess whether the
combined use of all three antagonists caused a blockade

greater in magnitude than those observed using combinations
of two receptor antagonists. The vein rings were incubated
simultaneously with the triad of antagonists (30 mM suramin,

plus 10 nM prazosin plus 1 mM BIBP 3226) for 30 min prior to
a second frequency-tension curve.

Data analysis

All data is normalized and presented as the percentage of the
tension elicited by 70 mM potassium chloride, standard applied

at the beginning of every experimental protocol. The tension
generated by this standard did not di�er signi®cantly
throughout each experimental study. Co-variance analysis was

applied to the frequency-tension curves, with statistical
signi®cance being de®ned at a P value of less than 0.05. The
Student's t-test, and Dunnett's tables to compare multiple
groups with a common control was used as appropriate; the

Bonferroni-correction was also used when required.

Drug sources and providers

Tetrodotoxin, guanethidine sulphate, noradrenaline hydro-
chloride, adenosine 5'-triphosphate sodium salt, a,b-methylene

ATP lithium salt, and prazosin hydrochloride were purchased
from Sigma Chemical Co (St. Louis, MO, U.S.A.). Chlor-
oethylclonidine and 5 methyl urapidil were obtained from RBI

(Natick, MA, U.S.A.). Synthetic pNPY was purchased from
Peninsula Labs. (Belmont, CA, U.S.A.). Suramin was kindly
provided to us by Hoechst, Germany. BIBP 3226 was kindly
provided by Dr K. Rudolf, Thomae GmbH (Biberach,

Germany).

Results

Sympathetic nature of the contractions elicited by
electrical depolarization of the nerve terminals

Electrical depolarization of the perivascular nerve terminals
evoked frequency-dependent vasomotor responses. Frequency-
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tension curves were literary abolished in the presence of
100 nM TTX or 1 mM guanethidine, evidencing the neuronal
origin and the sympathetic nature of the nerve-evoked

contractions (Figure 1). We frequently observed that the 10
and 20 Hz-induced contractions raise the tissue tension even
after ending the 30 s electrical stimulation (Figure 1). This
observation might re¯ect the lag between the delivery of the

electrical stimuli and the development of the maximal
muscular tension. Control studies repeating twice the
frequency-tension curves revealed essentially no di�erence,

ruling out a signi®cant contribution of a winding phenomenon.

In¯uence of purinoceptors

The vasomotor e�ect elicited by ATP was mimicked by a,b-
methylene ATP albeit at concentrations almost 1000 fold

lower (Figure 2). While 30 mM suramin signi®cantly displaced
the a,b-methylene ATP concentration-response curve to the
right 17.5 fold (P50.01), the antagonist was unable to
modify the frequency-tension curve evoked by transmural

electrical nerve stimulation (Figure 2). The ATP-induced

motor responses were not sustained; those generated by the
non-hydrolyzable analogue were more stable, although fading
was also evident.

NPY receptors and vascular reactivity

1 ± 100 nM NPY did not consistently produce a vasomotor

response. In the few tissues that demonstrated a de®ned
concentration-response relationship (11/92 biopsies), the
apparent median e�ective concentration of NPY was circa

100 nM. Tissue incubation with 1 mM BIBP 3226 abolished the
NPY-induced vasoconstriction; however, the frequency-
tension curve was refractile to the antagonist (Figure 3).

Figure 1 Vasomotor activity elicited by electrical stimulation of the
perivascular nerves of human saphenous vein biopsies; blockade by
tetrodotoxin and guanethidine. Upper panel: representative record-
ings of the vasomotor activity of a recently dissected human
saphenous vein ring. Reproducible, frequency-dependent contractions
were recorded following transmural electrical nerve stimulation;
blockade of neurotransmission by 100 nM tetrodotoxin (TTX).
Middle panel: frequency-tension curves were generated before and
15 min after tissue incubation with TTX (n=10). Lower panel:
separate biopsies following a 30 min tissue incubation with 1 mM
guanethidine (n=10). Analysis of variance shows that the curve
displacement evoked by both drugs was signi®cant (P50.001).
Symbols represent the mean values; bars, the s.e.mean.

Figure 2 Vasomotor contractions induced by adenosine 5'-tripho-
sphate (ATP) and a,b-methylene ATP (a,b-mATP) in human
saphenous vein biopsies. Upper panel: polygraphic record shows
the isometric contractions generated by the application of 5.8 and
58 mM a,b-mATP to a human saphenous vein ring; a 5 min tissue
incubation with 30 mM suramin blocked the purinergic-induced
contractions. Middle panel: comparative potency of a,b-mATP and
ATP. Open squares denote the a,b-mATP concentration-response
curve obtained in vein rings incubated 5 min with 30 mM suramin
(n=4). The suramin induced a 17.5 fold displacement of the a,b-
mATP concentration-response curve (P50.01, Student's t-test).
Lower panel: frequency-tension curves obtained prior to and
following a 30 min incubation with suramin (n=7). Symbols indicate
the mean values; bars, the s.e.mean.
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NPY-induced potentiation of purinergic and adrenergic
vasomotor responses

Although 10 nM NPY failed to consistently elicit a
vasomotor response per se, it signi®cantly potentiated, in a
concentration-dependent fashion, the motor responses evoked
by either ATP or a,b-methylene ATP (Figure 4). In the

presence of 10 nM NPY, the ATP concentration-response
curve appeared to be displaced leftwards. The magnitude of
the vasomotor e�ect elicited by 3 mM a,b-methylene ATP was

doubled by 10 nM NPY and tripled in the presence of 100 nM
NPY.

Tissue preincubation with 10 nM NPY appeared to displace

the NA concentration-response curve to the left. The
magnitude of the NPY-induced NA potentiation was
dependent not only on the concentration of NPY, but also

on the NA concentration. Interestingly, the magnitude of the
NPY-induced facilitation was proportionally larger with
20 nM NA than with 60 nM NA (Figure 5), suggesting that
the potentiation might be more relevant at the lowest agonist

concentration.

Involvement of a1-adrenoceptors

In contrast to the 6 fold displacement of the NA concentra-

tion-response curve (P50.01) induced by prazosin, the
antagonist was essentially unable to modify, to a similar
extent, the frequency-tension curve (Figure 6). Furthermore,
tissue incubation with either 10 nM 5-methyl urapidil, or 1 ±

10 mM chloroethylclonidine alone did not block the electri-
cally-evoked contractions (Figure 7).

Combined application of an a1-adrenoceptor and a
purinoceptor antagonist, or a purinergic and NPY Y1

antagonist

Simultaneous incubation of the biopsies with either suramin
and prazosin, or suramin and BIBP 3226, caused a

signi®cant blockade of the sympathetic nerve-evoked

Figure 3 The vasomotor e�ect of NPY is mediated by NPY Y1

receptors; resistance of the electrically-evoked contractions to
antagonism with 1 mM BIBP 3226. Upper panel: a polygraphic
recording of a saphenous vein ring that contracted to the application
of 10 nM NPY, the contractile e�ect was totally blocked by 1 mM
BIBP 3226. Note the 2 fold di�erence in calibration between the KCl
standard and the response elicited by NPY. Middle panel: in the few
of the biopsies that contracted to the application of NPY (11/92), the
vasomotor e�ect was concentration-dependent. Lower panel: 1 mM
BIBP 3226 did not modify the frequency-tension curve elicited by
electrical depolarization of the perivascular nerve ®bres. Symbols
indicate the mean values; bars, the s.e.mean.

Figure 4 Neuropeptide Y-induced potentiation of the vasocontrac-
tile activity of adenosine 5'-triphosphate (ATP) and its non
hydrolyzable analogue a,b-methylene ATP (a,b m-ATP). Upper
panel: representative polygraphic recording of a protocol showing
the contractile responses of a saphenous vein ring stimulated
following application of 0.24, 0.8 and 2.4 mM ATP and its synergism
following a 5 min incubation with 10 nM NPY. The ATP
contractions are not sustained; 10 nM NPY did not elicit a consistent
vasomotor response. Lower panel: Vasomotor contractions elicited
by a 3 mM a,b-methylene ATP challenge in the absence (black
column) and in the presence of 10, 30 and 100 nM NPY (n=4, open
columns). Mean values; bars s.e.mean, *P50.01 (Dunnett's tables,
versus control).
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vasomotor response (Figure 8). The downward displacement
caused by the combination of suramin and prazosin almost
halved the vasomotor responses elicited by nerve stimulation

(P50.01). In the case of the suramin and BIBP 3226
antagonism combination, the pair also resulted in a
signi®cant displacement of the curve, but the magnitude
only reached a P value 50.05. The downwards displacement

of the frequency-tension curve by the antagonist pairs
demonstrate the tissue sensitivity to the combined antagonist
treatment.

We assessed next whether the a-1A or the a-1B adrenoceptor,
or a combination of both, are involved in the sympathetic
neurotransmission of the saphenous vein. It is clear that the

combination of chloroethylclonidine plus suramin, is more
e�ective than the combination of 5-methyl urapidil plus
suramin (Figure 7), suggesting that the a1B-adrenoceptor might

have a predominant role in the sympathetic vasomotor activity
of this vascular territory.

Figure 5 Potentiation of the noradrenaline (NA)-evoked vasomotor
responses by 10 nM NPY. Upper panel: polygraphic recording
showing a NA concentration-response protocol obtained in a single
biopsy in the absence and following 5 min of tissue incubation with
10 nM NPY. While NPY does not elicit per se a vasomotor response,
it consistently synergizes the NA-induced vasomotor responses.
Lower panel: potentiation of the 20 and 60 nM NA-evoked
vasomotor responses in the presence of 1 ± 100 nM NPY. Black
columns denote the vasomotor e�ect elicited by 20 nM NA (n=4),
while the open columns denote the potentiation of the 60 nM NA-
evoked responses (n=4). Columns denote the mean values, bars the
s.e.mean, *P50.05 value; **P50.01 (Dunnett's tables for compar-
ison with a single control).

Figure 6 Prazosin blocks the vasomotor contraction elicited by
exogenous noradrenaline (NA), but not for contractile e�ect elicited
by electrical depolarization of the perivascular nerve terminals. Upper
panel: NA concentration-response curves were generated before
(n=26) and after (n=4) a 30 min incubation with 10 nM prazosin;
the rightward displacement of the NA concentration-response curve
caused a 6 fold increase in the median e�ective concentration
(P50.01, Student's t-test). Lower panel: tissue incubation with 10 nM
prazosin did not signi®cantly modify the frequency-tension curve
(n=12). Symbols indicate the mean values; bars, the s.e.mean.

Figure 7 Tentative identi®cation of the nature of the a1-adreno-
ceptor involved in sympathetic co-transmission. Representative
protocols show that tissue incubation with either 2.5 mM chloroethyl-
clonidine (A, an a-1B adrenoceptor blocker) or 10 nM 5 methylur-
apidil (B, an a-1A adrenoceptor blocker) alone blocked the vasomotor
responses evoked by electrical depolarization of the sympathetic
perivascular nerve ®bres. Chloroethylclonidine evidenced a modest
potentiation of the vasomotor responses. However, the simultaneous
incubation with 30 mM suramin and 2.5 mM chloroethylclonidine
during 30 min (left panel) evidenced a blockade of the vasomotor
response e�ect that was not observed following the incubation with
30 mM suramin and 10 nM 5-methyl urapidil in a parallel vein
preparation (right panel).
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Blockade of neurotransmission caused by simultaneous
incubation with suramin, prazosin, and BIBP 3226

The downward displacement of the frequency-tension curve

elicited by the combined application of all three antagonists
was more intense than that elicited by either of the previously
tested antagonist pairs (Figure 9, P50.01). The electrically-

evoked vasomotor response elicited by the 2.5 ± 5 Hz stimuli
was abolished after incubation with the triple combination of
antagonists.

Discussion

The present results indicate that the electrical stimulation of
the sympathetic nerves surrounding the human saphenous vein
provokes vasomotor responses that involve the combined

postjunctional action of extracellular ATP, NPY and NA. Of
particular interest in this study is the observation that
antagonist combinations (suramin and prazosin; suramin and

BIBP; or suramin, BIBP and prazosin) are able to induce a
blockade of the electrically-induced vasomotor response that
each antagonist individually could not. Recent experiments

from our laboratory have shown that purinoceptor blockade
with suramin may be successfully replaced by desensitization
with two applications of 50 mM a,b-methylene ATP (Huido-
bro-Toro, 1998). While the paired antagonists provoked

partial reduction of the vasomotor response, only in the
collective presence of all three antagonists did the electrically-
induced response experience a substantial inhibition of the

vasomotor e�ect of the transmitters released, resulting in the
complete obliteration of the vasomotor response at stimulation

frequencies of 2.5 and 5 Hz. This ®nding is totally compatible
with the competitive nature of the antagonists and the current
literature identifying a component of the vasomotor tone of

the human saphenous vein resistant to a-adrenoceptor
antagonism, (Steen et al., 1984; Taddei et al., 1990; Stephens
et al., 1992) and to the combination of a1-adrenoceptor
antagonism plus suramin (Rump & von KuÈ gelgen, 1994). A
parsimonious interpretation of the present results would
suggest that the success of the antagonist combinations is
related to reaching a threshold level of receptor antagonism.

However, looking beyond this simple additive explanation, we

Figure 8 Blockade of the electrically evoked vasomotor responses by
a combination of neurotransmitter receptor antagonist drugs. Upper
panel: blockade of sympathetic co-transmission following a 30 min
tissue incubation with the combination of either 30 mM suramin and
10 nM prazosin (n=11) or, lower panel: 30 mM suramin and 1 mM
BIBP 3226 (n=4). Co-variance analysis indicate that the downward
displacement caused by the suramin plus prazosin combination
reached statistical signi®cance at the P50.01 level, while the pair
suramin plus BIBP 3226 reached a P50.05.

Figure 9 Further blockade of sympathetic neurotransmission by the
combination of the three principal antagonists. Upper panel:
representative tracing from a typical experiment showing the
vasomotor responses elicited following electrical transmural depolar-
ization of the perivascular sympathetic nerve ®bres of a human
saphenous vein biopsy. Control refers to the recordings obtained
prior to drug applications. The tissue was next incubated with 1 mM
BIBP 3226 alone and 30 min later a second frequency-tension curve
was generated. Immediately thereafter, the biopsy was incubated with
a combination of 30 mM suramin and 10 nM prazosin during 30 min
and the electrical stimuli were next delivered. Finally, the biopsy was
incubated with a combined triple mixture of suramin plus prazosin
plus BIBP 3226. Lower panel: The downward displacement of
electrically-evoked frequency-tension curve caused by incubation with
30 mM suramin, 10 nM prazosin, and 1 mM BIBP 3226 (n=11) was
lower (P50.05) than that attained by incubation with only two of
the three antagonists. Symbols represent the mean values; bars the
s.e.mean.
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hypothesize that some sort of coordinated physiological
synergism must be operating, in which, in addition to the
activation of transmitter-speci®c receptors, there is an integral

dynamic interplay between the transmitters, potentiating a
response that the combined independent activity of the three
can not.

The sympathetic nature of the vasomotor response elicited

by electrical stimulation of the perivascular nerves is supported
by two ®ndings. First, the response is virtually abolished by
100 nM tetrodotoxin, a classical indicator of the neuronal

origin of vasomotor responses. Second, guanethidine, a
pharmacological agent that interferes with the exocytosis of
sympathetic neurotransmitters (Brock & Cunnane, 1988),

reduced markedly the elicited vasomotor response. In further
support of this proposal, experiments in progress demonstrate
that the electrical depolarization of the nerves surrounding the

human saphenous vein releases both NPY and NA to the
superfusion media (M.V. Donoso and J.P. Huidobro-Toro,
manuscript in preparation). Therefore, it is highly probably
that the vasomotor responses elicited by transmural nerve

depolarization of the isolated rings are similar in nature to
those provoked in vivo, which ultimately result in varying
degrees of vasoconstriction.

A proper physiological interpretation of the present results
relies heavily on the pharmacodynamics of the antagonists,
particularly the receptor selectivity and speci®city of these

agents. It was of paramount importance to independently
characterize the pharmacology of these drugs in this tissue
prior to deriving conclusions on the nature of the neuro-

transmitters involved in the vasomotor responses recorded.
For this purpose, suramin, BIBP 3226, and prazosin, as well as
5 methyl urapidil and chloroethyclonidine, were examined as
antagonists of their corresponding ligands prior to the

evaluation of their e�cacy in blocking the said responses.
Suramin, a low a�nity, competitive antagonist of purinocep-
tors (Dunn & Blakeley, 1988) has o�ered insights into our

understanding of the role of ATP in the sympathetic
transmission, despite its known e�ect as inhibitor of enzymes,
including ecto ATPases (Voogd et al., 1993). Recent protocols

carried out in our laboratory have desensitized the purinocep-
tors, following repeated applications of 50 mM a,b-methylene
ATP, as an additional procedure to inhibit ATP-induced
vasomotor responses (Huidobro-Toro, 1998). Likewise, BIBP

3226, a competitive, high-a�nity and selective NPY Y1

receptor antagonist (Rudolf et al., 1994; Doods et al., 1995;
Lundberg & Modin, 1995; MalmstroÈ m & Lundberg, 1995;

Mezzano et al., 1998) has been an invaluable tool in the
characterization of NPY as a sympathetic co-transmitter or
neuromodulator in peripheral vascular neuroe�ector junc-

tions. The implications that some NPY antagonists may have
partial agonist properties in other NPY receptor subtypes is an
additional problem that cannot be ignored at present.

ATP is an e�cacious but not a potent agonist to contract
the human saphenous vein. However, its non-hydrolyzable
analogue, a,b-methylene ATP, is about 1000 fold more potent.
This ®nding could indicate that the vascular smooth muscle

must be rich in ecto ATPases. If ATP is expected to act as an
excitatory transmitter in a vascular neuroe�ector junction, one
would anticipate that this compound would be easily degraded

by such enzymes. The use of the ecto ATPase inhibitor, FPL
67156, demonstrates that this is the case. In the presence of this
drug, the concentration-response curve for ATP in rabbit ear

biopsies is displaced to the left in a concentration-dependent
fashion (Crack et al., 1995), arguing that ATP must be very
rapidly hydrolyzed. Our studies in the human saphenous vein
extend the study of Rump & von KuÈ gelgen (1994), who were

the ®rst to study the activation of P2X purinoceptors in human
vascular biopsies. Experiments are pending to assess whether
the ATP-induced responses in biopsies treated with an ecto

ATPase inhibitor are sustained.
The present results do not permit an exact characterization

of the P2X receptor present in the human saphenous vein.
However, based on the observation that a,b-methylene ATP is

markedly more potent than ATP plus the ®nding of
desensitization, the present results suggest the possible
involvement of P2X1 or P2X3 receptors subtypes (Brake &

Julius 1996). However, Cario-Toumaniantz et al. (1998) based
on electrophysiological and molecular biology protocols,
demonstrated that the P2X7 receptor subtype is abundantly

expressed in human saphenous veins. Therefore, multiple P2X
receptors might be expected in vascular smooth muscles. Not
all vascular territories, demonstrate equal sensitivity to ATP

and structurally related analogues. Recent results from our
laboratory show that human mammary artery rings, but not
mammary vein rings, are markedly resistant to ATP and
analogues (Huidobro-Toro, 1998). These results may be

interpreted to indicate that ATP receptors are not evenly
distributed along the vascular tree, and that various P2X
receptor subtypes might be present in the vascular smooth

muscle cells.
The present results related to NPY, are of interest. Most of

the known studies emphasize that NPY acts indirectly,

potentiating, for example, the vasomotor e�ect of NA
(Wahlestedt et al., 1985) or ATP (Westfall et al., 1995). This
is also the case with the human saphenous vein. While in the

vast majority of the biopsies we studied, 1 ± 10 nM NPY never
elicited a de®ned motor response per se, this concentration is
however su�cient to evoke an increased magnitude of the
vasomotor response elicited by ATP, a,b-methylene ATP and

NA. These observations extend previous experimental data
obtained in rodent biopsies (Edvinsson et al., 1984; Wahlestedt
et al., 1985) and some limited cases of human blood vessels, to

include now the human saphenous vein. As a result, in spite of
an apparently minimal contraction induced by NPY through
the Y1 receptor, this agonist by virtue of its synergistic e�ect

becomes an e�cient participant of sympathetic co-transmis-
sion. Although the extension of the project precluded a
detailed investigation of the mechanism underlying the
potentiation, the data presented allows the suggestion that

NPY causes a parallel leftward shift of the ATP and NA
concentration-response curves. Therefore, even minute
amounts of NPY released at the vascular neuroe�ector

junction markedly magni®es the vascular sympathetic re-
sponse. These results emphasize some physiological implica-
tions of co-transmission in the control of human vascular

homeostasis, revealing the synergism exerted by NPY on the
sensitivity of NA and ATP as sympathetic co-transmitters. In
further support of this notion, the simultaneous administration

of ATP plus NA elicited a clear synergistic response
(Huidobro-Toro, 1998), implying the physiological advantage
of co-transmission.

Few in vitro studies with human blood vessels have shown

that NPY is a direct vasocontractile agonist, except in arteries
from the cerebral and temporal circulation (Edvinsson 1985;
Jansen et al., 1992; Abounader et al., 1995; Nilsson et al.,

1996a). As observed in the dog saphenous vein (Pheng et al.,
1997), the human equivalent does indeed demonstrate
vasoconstriction upon direct application of NPY, but the

number of responding tissues represents only about 10% of the
biopsies studied. Although a precise explanation of this
variance is lacking, local receptor distribution may play a
role. In our study, the rare and erratic appearance of a direct
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vasomotor e�ect precluded a thorough pharmacodynamic
study. In the few biopsies that exhibited a direct vasomotor
e�ect of NPY, the peptide although potent, resulted less

e�cacious as a vasoconstrictor compared to the standard of
KCl. In contrast to its activity in peripheral blood vessels,
NPY is known to contract cerebral mammalian arteries
including those of humans (Abounader et al., 1995). In these

vessels, as in the saphenous vein, the vasomotor e�ect of NPY
is evoked through the activation of NPY Y1 receptors, as
evidenced by its selective BIBP 3226 blockade. Whether

subtypes of NPY receptors are present in the vascular system
awaits further research. An interesting additional remark
pertinent to the discussion should focus on the discrepancies

between the e�ectiveness of NPY in vivo and in vitro
preparations. It has been suggested that a vascular tone is
required for a direct e�ect of NPY in certain blood vessels

(Grundemar et al., 1992; CorteÂ s et al., 1999).
A challenging aspect of this project was to tentatively

explore the nature of the a1-adrenoceptors localized in the
human saphenous vein. The relative selectivity of drugs such as

5 methyl urapidil and chloroethylclonidine has been used as a
classical criteria for the pharmacodynamical classi®cation of
the a1-adrenoceptors (Minneman et al., 1988; Han et al., 1990),

into 1A- and 1B-adrenoceptors respectively. However, recent
data indicates that the situation is more complex than
anticipated since chloroethylclonidine also acts presynaptically

and possibly also at postjunctional a2-adrenoceptors. Recently,
Guimaraes et al. (1997) demonstrated that chloroethylcloni-
dine acts additionally on prejunctional adrenoceptors in the

canine saphenous vein. Perhaps the present observation that
chloroethylclonidine alone augments the magnitude of the
electrically evoked vasomotor responses in human saphenous
vein biopsies could be due to its antagonist action at a

prejunctional a2-adrenoceptor. Independent of these experi-
mental caveats that remain to be resolved, the present
observations are compatible, at least tentatively, with the

conclusion that the human saphenous vein contains a larger
population of a1B-adrenoceptors. Consonant with this inter-
pretation, chloroethylclonidine is more e�ective as an

antagonist of the vasomotor e�ect of exogenous NA than 5
methyl urapidil.

The present results present an integral picture of the
coordinated action of ATP, NPY and NA operating in the

physiology of the human vascular neuroe�ector junction. Of
particular interest is the observation that in the human
saphenous vein NPY may either promote a direct vasomotor

e�ect or it synergizes the vasomotor activity of ATP and NA.
Thereby, the human vascular system appears to be a sensitive
bioassay for small concentrations of NPY. Thus, NPY plays a

critical role as an integral component of the sympathetic triad
in the regulation of the vascular tone through sympathetic
stimulation. Further research should focus on the pharmaco-

dynamics of NPY in human arteries as compared to the
present study restricted to the saphenous vein.

It is important to assess whether the present observations,
based on excised vascular segments maintained in vitro, can be

applied to the physiology of the sympathetic control of human
blood vessel homeostasis. Along these lines, the recent study of
Donoso et al. (1997b) demonstrated that the combined

application of antagonists is capable of greatly blocking the
vasomotor activity provoked by the stimulation of sympathetic
nerves regulating the ¯ow in the arterial mesenteric bed. These

results provide hope for linking the present in vitro results to
more generalized in vivo applications in humans. As such, the
present study o�ers, for the ®rst time, evidence of functional

co-transmission in the sympathetic nerves of the human
saphenous vein.

To assess the real physiological implications of these
®ndings, two lines of investigation appear enticing. It would

be of interest to mimic the e�ects evoked by electrical
stimulation of the perivascular nerve using the neurotransmit-
ters which compose the sympathetic triad. The present results

demonstrate that low concentrations of NPY potentiate the
vasomotor activities of NA and ATP, thus indicating the
system's synergistic character. The second challenge is the

study of co-transmission in arteries, particularly in resistance
human vessels. Experiments in progress using the human
mammary artery and its corresponding vein, show that

essentially the same principles described in the saphenous vein
apply to these vessels, as well as to the human mesenteric
artery and vein (Racchi et al., 1997).

In summary, the present results indicate that the stimulation

of the perivascular sympathetic nerves of the human
saphenous vein results in vasomotor responses that involves
the postjunctional action of extracellular ATP, in conjunction

with NPY and NA. A careful therapeutic analysis of this
information might predict that the combined use of purinergic,
NPYergic and a-adrenergic antagonists might uncover a novel

approach to the treatment of vascular pathologies including
hypertension.

Thanks are expressed to R. Miranda for conducting the NPY-
induced synergism experiments and for assisting with the design of
some of the ®gures. This work was partially funded by FONDECYT
grant 1980966 and CaÂ tedra Presidencial en Ciencias 1995, awarded
to the senior investigator.
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