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ABSTRACT

Previous studies have demonstrated that the ventral aorta of
the dogfish shark, Squalus acanthias, responds to a variety of
cell-signaling agents. To investigate the generality of vasoactive
receptors in the shark vasculature, in particular a conductance
artery (anterior mesenteric) and vein (posterior intestinal), I
measured the effect of acetylcholine, endothelin, nitric oxide,
natriuretic peptides, and prostaglandins on tension in isolated
rings from these vessels. Both vessels responded to these agents,
and responses to receptor-specific ligands for endothelin and
natriuretic peptide receptors suggest that B-type endothelin re-
ceptors are expressed in both vessels and that the artery ex-
presses both A- and B-type natriuretic peptide receptors; how-
ever, the vein (like the ventral aorta) expresses only the B-type
natriuretic peptide receptor. My data suggest that a suite of
signaling systems is ubiquitous in both arteries and veins in at
least this elasmobranch species. Their role in hemodynamics
and osmoregulation (perfusion of gill and rectal gland) remains
to be determined.

Introduction

In the past 10 yr, I have described receptors for a suite of
signaling agents in the smooth muscle of the ventral aorta of
the dogfish shark (Squalus acanthias), which can control the
diameter of that vessel. These include receptors for adenosine
(Evans 1992), natriuretic peptides (Evans et al. 1993), endothe-
lin (Evans et al. 1996), and nitric oxide and prostacyclin (Evans
and Gunderson 1998b), most of which are presumed to be
secreted by endothelial cells lining the vessel. In addition, I have
demonstrated that muscarinic receptors are also present in this
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tissue (Evans and Gunderson 1998a), although the source of
the putative ligand (acetylcholine) is unknown because the ven-
tral aorta in elasmobranchs apparently is not innervated (Don-
ald 1998). I decided to extend these experiments to two ab-
dominal vessels in the dogfish, the anterior mesenteric artery
and posterior intestinal vein (Fig. 1) in order to test the hy-
pothesis that receptors for vasoactive agents are found through-
out the systemic vasculature, including conductance veins. The
artery was chosen to confirm that a smaller conductance artery
expresses these receptors and also because a parallel vessel, the
posterior mesenteric artery, supplies the shark rectal gland,
whose role in shark osmoregulation is well established (e.g.,
Karnaky 1998). However, little is known about perfusion lim-
itation as a control of the rectal gland, despite the fact that an
early study (Shuttleworth 1983) demonstrated that both cate-
cholamines and vasoactive intestinal peptide can alter intra-
gland perfusion pressures. The posterior intestinal vein was
chosen to determine if a conductance vein can respond to
vasoactive agents and, therefore, plays more than a passive role
in elasmobranch hemodynamics. Fish veins contain very little
smooth muscle and have been suggested, therefore, to function
primarily as compliant vessels to return blood to the heart
(Satchell 1992). Such a proposition seems intuitive, especially
because fishes are generally horizontal and, because of the hy-
drostatic pressure of the surrounding water, do not suffer from
potential blood pooling. On the other hand, an early study
(Poder et al. 1991) demonstrated that catfish (Amiurus melas)
posterior cardinal veins constricted (in a concentration-depen-
dent manner) when mammalian endothelin was applied, and
other studies (e.g., Olson et al. 1991, 1997, 2000; Zhang et al.
1998) have shown that veins in the rainbow trout (Oncorhyn-
chus mykiss) respond to human endothelin (ET-1), natriuretic
peptides, sodium nitroprusside (a NO donor), and catechola-
mines. These studies suggest a more active role for veins in
hemodynamics, at least in the teleost fishes.

Material and Methods

Dogfish sharks (∼2–5 kg) were captured and maintained in
running seawater tanks at the Mount Desert Island Biological
Laboratory as described previously (e.g., Evans and Gunderson
1998b). Experimental animals were killed by pithing through
the snout (to destroy both the brain and spinal cord), either
the anterior mesenteric artery (AMA) or posterior intestinal
vein (PIV; Fig. 1) was removed, and cross-sectional rings (ap-
proximately 3 mm in length) were mounted in elasmobranch
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Figure 1. Drawing of the shark abdominal vessels and associated organs used in this study; redrawn from Gilbert (1982)

Ringer’s solution in organ baths maintained at 127C as de-
scribed previously (Evans and Gunderson 1998b). Initial ten-
sions were set at 200 mg (PIV) or 1000 mg (AMA) for 30–60
min because preliminary experiments determined that the re-
spective rings were most responsive at those tensions. Tension
was recorded by either Gould-Statham or WPI strain trans-
ducers connected to either a Gilson Duograph or a Biopac
MP100WS system, using AcqKnowledge III software and a
Macintosh Powerbook 140 computer. After the rings reached
a stable tension, putative agonists were added cumulatively to
the 10-mL experimental bath in increments totaling !4% of
the initial volume. Each agonist was added only after a stable
tension had been achieved subsequent to addition of the pre-
vious agonist. Solutions of acetylcholine (ACh; Sigma), ET-1
(American Peptide), sarafotoxin S6c (SRX S6c, an ETB-specific
agonist; American Peptide), sodium nitroprusside (SNP;
Sigma), porcine C-type natriuretic peptide (pCNP; Peninsula
Laboratories), eel atrial natriuretic peptide (eANP; Peninsula
Laboratories), carbaprostacyclin (CPR; stable prostacyclin ag-
onist), and PGE1 (prostaglandin E1; Cayman Chemicals) were
made as described previously (Evans et al. 1996; Evans and
Gunderson 1998b) and stored at 2207C until diluted. A sat-
urated NO solution (distilled water) was prepared as described
previously (Evans and Gunderson 1998b). Initial experiments
consisted of the sequential addition of ACh (0.1 mM), ET-1
(0.1 mM), SNP (0.1 mM), NO (4.2 mM), CNP (0.1 mM), CPR
(1 mM), and PGE1 (1 mM) to a given ring. In subsequent ex-
periments, to differentiate between ETA and ETB receptors,
paired rings were exposed to 0.1 mM of either ET-1 or SRX
S6c, followed by the addition of either 0.1 mM eANP or pCNP,
to differentiate between A-type natriuretic peptide receptors
(NPR-A) and B-type natriuretic peptide receptors (NPR-B).

All data are expressed as ( of fish).mean 5 SE N p number
Tension changes were compared to 0 (tension before agonist
addition) and accepted as significant when , using aP ! 0.05
one-sample t-test (Prism; GraphPad software, San Diego,
Calif.).

Results

With the exception of the stable prostacyclin agonist carba-
prostacyclin, all of the putative vasoactive agents produced sig-
nificant changes in tension of the isolated anterior mesenteric
arterial rings (Fig. 2). ACh was the most potent contractile
agent (nearly 100% increase in tension); the apparent high
variance of its effect was largely due to a single preparation
that showed a 3,800 mg change in tension. ET-1 (45% increase
in tension) was also constrictory, as were the NO donor SNP
(3%) and NO itself (6%). Porcine CNP and PGE1 produced
relatively small (6%–8%) but significant dilations of the arterial
rings. The ETB-specific agonist SRX S6c was as constrictive as
ET-1, and both pCNP and eANP dilated the arterial rings (Fig.
3).

The posterior intestinal vein responded to all agonists except
NO with significant changes in tension (Fig. 4). In this vessel,
the most significant constriction was produced by ET-1 (100%
increase in tension), with smaller constrictions produced by
ACh (25%), SNP (13%), and carbaprostacyclin (13%). Both
pCNP and PGE1 produced significant dilations (8%–10%). In
this vessel, SRX S6c was as constrictive as ET-1, but only pCNP
produced dilation; eANP produced no response (Fig. 5).
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Figure 2. The effect of vasoactive agents on isolated rings of the anterior
mesenteric artery of the spiny dogfish, Squalus acanthias. Abbreviations
are as in the text. , . Tension changes that wereMean 5 SE N p 10
significantly different from 0 are marked with a star.

Figure 3. The effect of the addition of the ETB-receptor agonist SRX
S6c versus the ETA/ETB-receptor agonist ET on the AMA rings, fol-
lowed by either pCNP (NPR-B agonist) versus eANP (NPR-A and
NPR-B agonist); –6 in each case. Tension changes that wereN p 4
significantly different from 0 are marked with a star.

Discussion

It is clear that both abdominal vessels of Squalus acanthias
respond to a variety of vasoactive substances, demonstrating
that the vascular smooth muscle of a conductance artery and
vein express the same array of receptors that have been de-
scribed for the ventral aorta of this species (see “Introduction”).

Cholinergic Receptors

Cholinergic receptors have been identified in the coronary ar-
tery of Oncorhynchus mykiss (Small et al. 1990; Farrell and
Johansen 1995) as well as the ventral aorta, celiacomesenteric
artery, and efferent branchial artery of the same species (Olson
and Villa 1991; Miller and Vanhoutte 1992). The ventral aorta
and celiacomesenteric artery of the Atlantic salmon (Salmo
salar) also respond to acetylcholine (Sverdrup and Helle 1994;
Sverdrup et al. 1994). Venous preparations have been examined
from only one teleost species, O. mykiss. Olson and coworkers
demonstrated that the anterior cardinal vein constricted when
ACh was applied (Olson and Villa 1991), as did the posterior
cardinal vein, intestinal vein, and ductus Cuvier (Conklin and
Olson 1994). Interestingly, Olson et al. (2000) recently dem-
onstrated that spontaneous contractions in the dorsal aorta
from the yellow stingray (Urolophus jamaicensis) were inhibited
by ACh, but no alteration in average tension was mentioned.
These data suggest that elasmobranchs, as well as salmonid

teleosts, express cholinergic receptors in systemic arteries and
veins, but the generality of this finding will remain unclear
until more taxa have been examined. It is interesting to note,
however, that “there is no evidence for a cholinergic vasomotor
innervation of the systemic vasculature of fishes” (Donald 1998,
p. 416), so it is unclear where the ACh is coming from that
may be activating these cholinergic receptors in vivo. However,
overflow from cardiac nerves may be a source.

Endothelin Receptors

ET-1 (0.1 mM) was a much more effective constrictor than ACh
(0.1 mM) in the vein of S. acanthias (Fig. 4), but in the artery,
ACh produced twice the constriction (Fig. 2). However, since
there was a 1,000-fold difference in concentration, it is apparent
that ET-1 is much more vasoactive than ACh in both vessels.
It should be noted that there were much more substantial ET/
SRX-induced constrictions in the comparative experiment (Fig.
3) versus the cumulative experiment (Fig. 2) where the ring
was preconstricted with ACh before the ET was added. Because
the experiments were performed a year apart (but in the sum-
mer in both cases), one cannot rule out population effects, but
it is easier to suppose that the ET response was blunted by the
previous ACh exposure. They both produce the same second
messengers, inositol triphosphate and Ca21, so maximal intra-
cellular concentrations may have been reached before the full
ET effect was possible. In the ventral aorta, both 0.1 mM ACh
and 0.1 mM ET-1 produced near-maximal responses (Evans et
al. 1996; Evans and Gunderson 1998a) of the same magnitude
(D. H. Evans and M. P. Gunderson, unpublished data), which
supports the hypothesis that ET-1 has a greater efficacy than
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Figure 4. The effect of vasoactive agents on isolated rings of the pos-
terior intestinal vein. . Tension changes that were significantlyN p 8
different from 0 are marked with a star.

Figure 5. The effect of the addition of the ETB-receptor agonist SRX
S6c versus the ETA/ETB-receptor agonist ET on the PIV rings, followed
by either pCNP (NPR-B agonist) versus eANP (NPR-A and NPR-B
agonist); –10 in each case. Tension changes that were signifi-N p 6
cantly different from 0 are marked with a star.

ACh in the shark vasculature. In both the vein and artery (Fig.
3) as well as in the ventral aorta (Evans et al. 1996), the ETB-
specific agonist SRX S6c was as effective as ET-1 in constricting
the vessels, so it appears that the vascular endothelin receptor
in at least S. acanthias is of the ETB type. In mammals, the
receptor that mediates ET-1-induced constriction in arteries is
usually ETA (e.g., Sumner et al. 1992; Auguet et al. 1993; Buchan
et al. 1994), although the ETB receptor has been found to me-
diate constriction in mammalian veins and some arteries (e.g.,
Moreland et al. 1992; Seo et al. 1994; Teerlink et al. 1994; White
et al. 1994). I have found that SRX S6c has little effect on the
ventral aorta of at least one species of teleost (Anguilla rostrata,
American eel; Evans and Harrie 2001), which suggests that the
dominant endothelin receptor expressed in the vascular smooth
muscle of teleosts and elasmobranchs may be different. Data
on other teleosts and elasmobranchs as well as agnathans, such
as a hagfish or lamprey, might allow more definitive statements
about the evolution of endothelin receptors in the vascular
smooth muscle of the early vertebrates.

Nitric Oxide Responses

The constrictory response to either NO itself (AMA) or the
NO donor SNP (AMA and PIV) corroborates earlier data on
the ventral aorta of S. acanthias (Evans and Gunderson 1998b).
In mammals, NO plays a myriad of roles in cell signaling (e.g.,
Moncada et al. 1991; Griendling and Alexander 1996; Grisham
et al. 1999), and its role as the endothelium-derived relaxing

factor is well established (e.g., Furchgott and Zawadzki 1980;
Godecke et al. 1998). Like in mammals, vascular smooth muscle
in teleost fishes generally relaxes in response to NO, but only
a very few number of species have been examined. One study
(Miller and Vanhoutte 1992) found that NO did not dilate the
isolated ventral aorta of O. mykiss, but three other studies found
that SNP and nitroglycerine did dilate the isolated ventral aorta
as well as the coronary, celiacomesenteric, and efferent bran-
chial arteries and anterior cardinal vein of the same species
(Small and Farell 1990; Small et al. 1990; Olson and Villa 1991).
In addition, l-arginine (NO precursor) dilated the in situ, per-
fused trout coronary system, and two inhibitors of nitric oxide
synthase (NOS) constricted this preparation (Mustafa et al.
1997). Further, injection of SNP into intact trout produced a
significant fall in ventral and dorsal aortic blood pressure and
gill resistance (McGeer and Eddy 1996; Olson et al. 1997). SNP
produced a small decrease in the perfusion pressure in saline-
perfused swim bladders from the European eel (Anguilla an-
guilla; Schwerte et al. 1999), and I found that both SNP and
NO dilated the isolated ventral aorta of the congeneric Amer-
ican eel (A. rostrata; Evans and Harrie 2001). Finally, the ace-
tylcholine-induced increase in cerebral blood flow in the cru-
cian carp (Carassius carassius) was inhibited by NOS inhibitors
(Hylland and Nilsson 1995), suggesting involvement of NO. It
appears, therefore, that teleosts may express at least some com-
ponents of the usual NO-mediated EDRF (endothelium-de-
rived relaxing factor) axis, but its role in the control of vascular
tension remains unclear and controversial (e.g., Olson and Villa
1991; Farrell and Johansen 1995; Mustafa et al. 1997).

There is no ready explanation for how NO constricts vessels
in the spiny dogfish shark, although one might hypothesize that
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it is mediated via reaction with superoxide ions to produce the
very reactive peroxynitrite (e.g., Beckman and Koppenol 1996).
In fact, preliminary experiments have shown that preincubation
of shark aortic rings with a superoxide dismutase mimetic
(Tempol; e.g., Nilsson et al. 1989), which would therefore in-
hibit the production of both superoxide and peroxynitrite, not
only dilated the nonstimulated vessel but also inhibited the
NO-induced constriction by 60% (D. H. Evans and J. E. C.
Hagen, unpublished data). In addition, the putative superoxide
generator pyrogallol constricted isolated rings from the ventral
aorta (D. H. Evans and J. Nowacki, unpublished data). Studies
(Evans and Harrie 2001) have found that SNP and NO both
produce a significant constriction of the isolated ventral aorta
of the hagfish (Myxine glutinosa), and NO produces a biphasic
response (slight initial constriction, larger subsequent dilation;
both significant) in the ventral aorta of the lamprey (Petro-
myzon marinus). Both of these agnathan species preceded the
elasmobranchs in vertebrate evolution, so it appears that the
vascular function of the NO signaling system may be different
in the early vertebrates.

Natriuretic Peptide Receptors

As in the ventral aorta of S. acanthias (Evans et al. 1993),
porcine C-type natriuretic peptide dilated both the AMA and
PIV (Figs. 2, 4), although the responses were relatively small.
The efficacy of a CNP in these vessels suggests that natriuretic
peptide type B (NPR-B), rather than type A (NPR-A), receptors
are expressed in shark vessels. This proposition is supported
by the cloning of dogfish CNP from cardiac extracts (Schofield
et al. 1991) as well as the cloning of a NPR-B from the shark
rectal gland (Aller et al. 1999). Eel ANP was without effect on
the PIV (Fig. 5), but it dilated the AMA (Fig. 3), suggesting
that NPR-A receptors also may be expressed in this vessel.

Prostanoid Receptors

Although both vessels responded to prostanoids, the charac-
terization of the type of receptor involved is difficult. The AMA
did not appear to respond to carbaprostacyclin, the stable pros-
tacyclin agonist, but the PIV contracted when carbaprostacyclin
was applied (Figs. 2, 4), suggesting the presence of the IP pros-
tacyclin receptor (e.g., Narumiya et al. 1999) in at least the
vein. However, the IP receptor mediates dilation, not constric-
tion, in the ventral aorta of this species (Evans and Gunderson
1998b) as well as in mammalian blood vessels (via an increase
in intracellular cAMP [cyclic AMP]; e.g., Narumiya et al. 1999).
On the other hand, it has been demonstrated that IP ligands
can also bind to both the EP1 and EP3 (prostaglandin E recep-
tors) receptors, which mediate an increase in intracellular Ca21

or decrease in intracellular cAMP, respectively, and thereby
could produce constriction or inhibit dilation (Narumiya et al.
1999). Since PGE1 dilated both vessels (as it does the ventral

aorta of S. acanthias; Evans and Gunderson 1998b), one might
suggest that an EP2 or EP4 receptor is present, both of which
increase intracellular cAMP levels (Narumiya et al. 1999). On
the other hand, PGE1 also binds to the IP receptor (Narumiya
et al. 1999), which would produce dilation. In short, my ex-
periments have determined that prostanoid receptors are ex-
pressed in both vessels, but only measurements of intracellular
second messengers, radio-ligand binding experiments, or mo-
lecular cloning and expression protocols would allow charac-
terization of the specific prostanoid receptor(s) expressed in
these vessels.

In summary, my data demonstrate for the first time that a
variety of receptors for vasoactive signaling agents are expressed
in an abdominal artery and vein of S. acanthias. Since this suite
of receptors has been characterized in a major artery (ventral
aorta) of this species as well (see “Introduction”), it appears
that the entire conductance vasculature of the spiny dogfish
shark expresses a complex array of vasomotor control systems.
Their role in maintaining normotension, not to mention con-
trol of rectal gland perfusion (and thereby osmoregulation),
remains to be determined.
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