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Summary

The importance of the rectal gland in elasmobranch an initial dilation, followed by a more substantial
osmoregulation is well established. The rate of secretion by constriction. Subsequent addition of porcine C-type
the gland is under the control of a variety of secretagogues natriuretic peptide dilated the rings, but two prostanoids
and inhibitors. Early morphological work suggested that a  (carbaprostacyclin and prostaglandin &) did not change
band of smooth muscle cells surrounds the periphery of the ring tension significantly. The rings did not respond to the
shark rectal gland between the secretory tubules and the endothelin-B-specific agonist sarafotoxoin S6éc, suggesting
connective tissue capsule. To confirm the presence of the that the response to endothelin was mediatedvia
muscle ring, we examined histological sections from two endothelin-A-type receptors. Our data confirm the
species of shark,Squalus acanthiasand Carcharodon presence of a smooth muscle ring in the periphery of the
carcharius and from the stingray Dasyatis sabinaand  elasmobranch rectal gland and demonstrate that the gland
stained sections fromS. acanthiaswith the actin-specific  responds to a suite of smooth muscle agonists, suggesting
ligand phalloidin. In all three species, a distinct band of that changes in the dimensions of the whole rectal gland
what appeared to be smooth muscle cells was evident, and may play a role in its secretory function.
the putative muscle ring inS. acanthiasstained specifically
with phalloidin. Moreover, isolated rings of rectal gland  Key words: elasmobranch, sha&gqualus acanthiasCarcharodon
tissue from S. acanthiasconstricted when acetylcholine or  carcharius stingray,Dasyatis sabinarectal gland, osmoregulation,
endothelin was applied and responded to nitric oxide with  smooth muscle receptor.

Introduction

The elasmobranch rectal gland secretes a plasma-hypertotocalized in the gland ‘extending from the ouibBromuscular
solution that is generally considered to play a major role ifunderline ours) capsule towards the excretory duct, in close
osmoregulation in these marine fishes (e.g. Shuttlewortlproximity to secretory tubules’ (Stoff et al.,, 1988). The
1988), although osmoregulation continues after extirpatiogenerality of the role of VIP in controlling rectal gland
of the gland (e.g. Burger, 1965; Evans et al., 1982). In theecretion has been challenged (Shuttleworth, 1988), because
spiny dogfish Squalus acanthiasthe rate of secretion is the glands ofScyliorhinus caniculadid not respond to VIP
47ul1100 g1h~land the fluid Naplus Ct concentration totals  (Thorndyke and Shuttleworth, 1986; Anderson et al., 1995).
nearly 1000 mmoft, approximately double that in the plasmaAn endogenous, stimulatory peptide was isolated from the
(Burger and Hess, 1960; Burger, 1962). The ionic transporhtestine of this species (Shuttleworth and Thorndyke, 1984)
mechanisms mediating the production of this secretion havend has been found to be identical to the tachykinin
been extensively studied (for reviews, see Riordan et al., 1994dgyliorhinin 1l (Anderson et al., 1995). At leastSnacanthias
Hazon et al., 1997; Silva et al., 1997; Karnaky, 1998), and itatriuretic peptides (NPs) enhance gland secretion both by
is clear that the net ionic secretion vé&a a basolateral stimulation of the release of VIP (Silva et al., 1987) and by
Na*/K*/2CI~ cotransporter (driven by N&*-ATPase on the direct activation of NP receptors (NPRs) on the epithelial cells
same membrane; Forrest, 1996) and an apicalcannel (Karnaky et al., 1991). These receptors are now known to be
homologous to the mammalian cystic fibrosis transmembrartee NPR-B type (Gunning et al., 1993), and the shark
conductance regulator (CFTR; Marshall, 1991). homologue has been cloned from the rectal gland (Aller et

Secretion of fluid from the shark rectal gland is controlledal., 1999). Neuropeptide Y and somatostatin both inhibit rectal
by a variety of neural and endocrine factors. Early worlgland secretion ii$. acanthiagSilva et al., 1990; Silva et al.,
demonstrated that vasoactive intestinal peptide (VIP) was E993), as does bombesin vid release of somatostatin (Silva
potent secretagogue for the isolated, perfused rectal gland effal., 1990). It appears that metabolic activity in the gland cells
S. acanthiagStoff et al., 1979), and VIPergic nerves werethemselves may play a regulatory role, since adenosine has
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been shown to inhibit secretion at low concentrations
(10nmolr! to 1pmolll) and to activate it at higher
concentrations (10-1@0nol I71; Forrest, 1996).

Salt secretion by the rectal gland vivo may also be
controlled by perfusion limitations in the gland itself or in
the posterior mesenteric artery, which supplies the glanc
Perfusion of isolated glands fro& acanthiagndS. canicula
(at in vivo flow rates) with norepinephrine reduced efferent
perfusate flow and salt secretion by the glanddviaceptors)
in a concentration-dependent manner, suggesting that tl
vasculature within the gland was constricted (Shuttleworth
1983; Shuttleworth and Thompson, 1986). Since the level
of norepinephrine used approachid vivo concentrations,
Shuttleworth (Shuttleworth, 1988) suggested that the rect:
gland may be tonically constricted when unstimulated
Importantly, two known secretagogues Sf acanthiagectal
gland salt secretion, adenosine and VIP, reversed tt
norepinephrine-mediated vasoconstriction (at least Sin -
acanthiasglands), suggesting that some of the effects of thes @&’
secretagogues may be mediated by intragland perfusic
changes, not solely by stimulation of ionic transport step
(Shuttleworth, 1983). In addition, we have recently found tha
the anterior mesenteric arterySnacanthiasesponds to nitric
oxide (NO) and expresses receptors for acetylcholine (ACh
endothelin (ET), NPs and prostaglandins (PGs; D. H. Evan' &
in preparation), so one might hypothesize that the posteric ¥
mesenteric artery may also be controlled by a suite ¢ £
vasoactive signalling agents, which could modify rectal glanc &
function by changes in perfusion of the gland.

Reappraisal of the morphology of the rectal gland sugges
that volume changes in the gland itself may play some role i
secretion. In an early light- and electron-microscopic stud'
of the rectal gland ofS. acanthias Bulger (Bulger, 1963)
described a circumferential ‘inner muscle layer’ between th
secretory tubules and the connective tissue layer of the out
capsule, to which Stoff et al. (Stoff et al., 1979) referred. Ou
recent studies have delineated receptoiS. iacanthiasortic
vascular smooth muscle for NPs (Evans et al., 1993), AC
(Evans and Gunderson, 1998a), ET (Evans et al., 1996) al
PGs (Evans and Gunderson, 1998b) and have shown that
vascular smooth muscle is also sensitive to NO (Evans ar
Gunderson, 1998b). It therefore seemed appropriate to r
examine the structure of the elasmobranch rectal gland ai
measure the sensitivity of isolated rings of rectal gland tissu
to these substances to test the hypothesis that the gland its
is contractile and responds to signalling agents that contr
smooth muscle tension in other tissues.

Materials and methods

Spiny dogfish $qualus acanthials., approximately 2-5kg)
were captured in Frenchman Bay, Maine, USA, anc :
maintained in running sea water until killed by pithing throughgig. 1. sections of rectal gland tissue fr@gualus acanthiagA),
the snout. The rectal gland was removed by blunt dissecticCarcharodon carchariugB) andDasyatis sabindC). The putative
and either fixed immediately for histology (Bouin's for 24 h) muscle layer (marked with an asterisk) stains green and contains
or cut into 2-3mm thick cross-sectional rings approximatehelongate nuclei. Scale bars, 100. See text for details.
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6 mm diameter for tension measurements. A rectal gland froife.g. Evans et al., 1993; Evans et al.,, 1996; Evans and
a single Atlantic stingray Dasyatis sabina approximately = Gunderson, 1998b).
Ikg), caught by hook and line near Cedar Key, Florida, USA, These protocols conformed to NIH Guidelines and were
was prepared and fixed in the same way. In addition, a rectapproved by the IACUC at Mount Desert Island Biological
gland was removed from a great white shatlarCharodon Laboratory.
carcharius 2.73m) that had been caught off the east coast of All data are expressed as meanetm. (N). Tension changes
Florida by a commercial fisherman and transferred to thevere compared with zero change using Prism (GraphPad
University of Florida in ice. This rectal gland was fixed in 10 %Software) and accepted as significanP&0.05 (Student’s-
neutral buffered formalin (NBF) for 24 h. test, two-tailed).
For histological examination, rectal gland tissue that had
been in Bouin’s or NBF fixative for 24 h was dehydrated in a
graded ethanol series and embedded in paraffin. Sectijons 5 Results
thick were cleared, rehydrated and stained with a modified Cross sections of rectal glands frogh acanthias C.
Trichrome of Harris (Humason, 1972). To characterize furthecarchariusandD. sabina(Fig. 1) all show a distinct band of
the putative muscle layer, thick (5a6) frozen sections elongated cells situated between the glandular tissue and the
of S. acanthiasrectal gland tissue were fixed with 3.7 % outer connective tissue of the capsule, in the same position as
formaldehyde plus 0.5 % Triton X-100 in elasmobranch Ringethe band of ‘inner muscle’ described by Bulger (Bulger, 1963).
and stained for F-actin with rhodamine-phalloidim¢imli™).  Cells making up this band are characterized by elongate nuclei,
Control sections were treated in the same manner, but did neiggesting muscle tissue (e.g. Telford and Bridgman, 1995).
have rhodamine-phalloidin applied. The fluorescent staininhodamine-phalloidan produced a fluorescent band in the
was imaged using an Olympus Fluorview point-scanningame circumferential region as the putative muscle band
confocal microscope. in S. acanthias(Fig. 2). The control rings showed no
To test the effect of putative signalling agents, rings of rectautofluorescence (data not shown).
glands were mounted in elasmobranch Ringer's solution The rings of rectal gland tissue frddn acanthiasesponded
in thermo-jacketed chambers (12°C) and maintained &b a suite of vasoactive substances. ACh and ET-1 both
approximately 200 mg tension as described for aortic rings qfroduced significant constriction (Figs 3, 5), but ET-1 was
the same species (Evans and Gunderson, 1998b). Ommuch more effective. The EIspecific agonist SRX S6c did
preliminary experiments determined that the rectal gland ringsot constrict the rings, in contrast to ET-1, which stimulated
were most responsive at this tension. Tension was recorded bybstantial constriction in paired experiments (Fig. 6). Nitric
WPI strain transducers connected through a Biopac MP100WsXide produced a biphasic response with an initial relaxation
data-acquisition system (using AcqKnowledge Il software) tdollowed by a more significant constriction (Figs 4, 5). Porcine
a Macintosh Powerbook 140 computer. After the rings ha€NP produced significant relaxation of the rings in our initial
reached a stable tension, putative agonists were addedperiments (Figs 3, 5); however, we found that eel ANP was
cumulatively to the experimental bath in increments totallingg more potent relaxant than pCNP in paired experiments
less than 4% of the initial volume. (Fig. 6). Neither the stable prostacyclin analogue CPR nor
Solutions of acetylcholine (ACh, Sigma), human prostaglandin PGEproduced significant changes in tension of
endothelin-1 (ET-1; American Peptide), sarafotoxin S6dhe rectal gland rings (Figs 3, 5).
(SRX S6c; American Peptide), porcine C-type natriuretic
peptide (pCNP; Peninsula Labs), eel atrial natriuretic peptide
(eANP; Peninsula Labs), carbaprostacyclin (CPR; Cayman Discussion
Chemicals) and prostaglandin @GE; Cayman Chemicals) Our data corroborate earlier work (e.g. Bulger, 1963; Stoff
were solubilized as described previously (Evans et al., 199t al., 1979) that described a band of smooth muscle fibres
Evans and Gunderson, 1998b) and storee/@t°’C until use. surrounding the the rectal glandSfacanthiasjust below the
A saturated NO solution was prepared in distilled water asapsule (Figs 1, 2). In fact, the band is also present in the rectal
described previously (Evans and Gunderson, 1998b). Initigland of both the great white shark and the Atlantic stingray,
experiments consisted of the sequential addition of theuggesting that the muscle may be a common feature of most
following: ACh (0.1 mmoltl), ET-1 (0.lumoll™}), NO elasmobranch rectal glands. The fact that the band could be
(8.4umol 1), pCNP (0.jumol 1), CPR (1.umoll™1) and localized with phalloidin (Fig. 2) strongly suggests that the
PGE (1umol 1) to a given ring. In subsequent experimentstissue contains muscle cells since phalloidin binds to actin
to differentiate between E&Tand Eg receptors, paired rings microfilaments (e.g. Khayat et al., 2000).
were exposed to Opmol 171 of either ET-1 or SRX S6¢. This  Both the neurotransmitter acetylcholine and the peptide
was followed by the addition of either uinol =2 eANP or  endothelin significantly constricted rings of rectal gland tissue
0.1umol I"1 pCNP to differentiate between NRRnd NPR (Figs 3-5), corroborating our earlier work on vascular smooth
receptors. Specific concentrations of all agonists were chosemuscle from this species (Evans et al., 1996; Evans et al.,
because our earlier studies had determined that they producE@®8a; Evans, 2001). As for vascular smooth muscle, ET-1
near-maximal responses in shark vascular smooth musclgas a much more effective constrictor than ACh. In fact, ET
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Fig. 2. Typical localization pattern of rhodamine-phalloidin in a rectal gland sectionSgualus acanthiasA has been overexposed and
reveals the intense staining of the outer layer of the gland and the weaker labelling of the internal tubules. B showiellausaerexposed
and demonstrates the presence of spindle-shaped stained elements in the outer layer. At higher magnification (C), thesmpeterseniisr
to smooth muscle cells. Scale bars: Apf C, 20um.
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is now considered to be the most potent smooth musclbe elasmobranch rectal gland is derived from intestinal tissue
constrictor in mammals (e.g. Miyauchi and Masaki, 1999), an@Hoskins, 1917), it is important to note that ET has also been
this seems also to be the case in the lower vertebrates. Sirgteown to constrict smooth muscle from the mammalian



Elasmobranch rectal gland smooth muscle receptor§3

NO
| .
WMW&"“‘“*‘WM el bty 7
WMWW’WMWM MM wm"‘u e MWW
C— 155 160 165
NO 1
i
» i WﬂM"”WWW’MWWA‘MWWWMwwWWWWMWWWW” L
WW’MW’M .
LV
150 155 160 165
.
) p
l WWM WJMM“ M]%J M/‘U \ \M“M' MJ,MJ ! o
MW*WW I‘M’w } w}P “) ’l
JW
20 25 230 235
NO

Fig. 4. Tracings from four experiments
showing the biphasic response to

8.4umol I=1 nitric oxide (NO) addition to the 220 22_5 _ 230 235
rectal gland rings frorSqualus acanthias Time (min)

1280
1 270

260
250

1 240

230

190

=

80
170
160
150

4 370

1 360
4 350

1 340
1 330
1 320
1 310
1 300

290

1 370
1 360
1 350

1 330
1 320

310

Tension (Mg)

gastrointestinal tract (e.g. Yanagisawa and Masaki, 1989). Thiee dominant receptor appears to be of thg e in arterial

specific cholinergic receptor involved in the response to ACkessels (e.g. Levin, 1996), but the g=feceptor mediates
is undetermined, but our earlier work on the ventral aor& of constriction in veins and also in some arterial preparations (e.g.
acanthiassuggested that an ype muscarinic receptor was Moreland et al., 1992; Seo et al., 1994; Teerlink et al., 1994;

expressed in that tissue (Evans and Gunderson, 1998a).  White et al., 1994). The ventral aorta (and gillSofacanthias

Endothelin receptors are generally characterized (Huggins ekpresses an sftype receptor (Evans et al., 1996; Evans and
al., 1993) by their sensitivity to SRX S6c¢ (specific forglET Gunderson, 1999), but the absence of a response to SRX S6¢

versuseT-1 (non-specific; both EsTand E®B). In mammals, in the rectal gland (Fig. 6) suggests that onlyaEjpe
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100 , receptors are expressed in this tissue. Both Biid E®
receptors are expressed in mammalian intestinal tissue,
although EE receptors appear to predominate (Masaki, 1993).
801 T The source of ACh and ET that may stimulate constriction
of the rectal gland is unknown at present. The elasmobranch
rectal gland is innervated (Holmgren and Nilsson, 1983;
Chipkin et al., 1988; Stoff et al., 1988), but these neurons have
been described as VIP- or bombesin-containing (Donald,
1998), rather than cholinergic. However, we have described
cholinergic receptors in three vessels fiénacanthiagEvans
- and Gunderson, 1998a; D. H. Evans, in preparation), and there
- is no indication that any shark systemic vessels are innervated
’l‘ (Donald, 1998), so the role of cholinergic receptors in
0 == elasmobranch vasculature and rectal gland remains unclear.
X ]
I——-——, The source of the ET that may constrict the rectal gland is
also unknown, but may not be merely the vascular endothelial
cells. Endothelin has been shown to be synthesized by a
\ o s N variety of tissues including the mammalian central nervous
N R \\’\’ N é\' system and intestine (e.g. Masaki, 1993; Stjernquist, 1998).
Q*Q Q‘i‘\ Immunoreactive ET (antibodies raised against the mammalian
\ peptide) has been localized in both teleost and elasmobranch
e Q' gills (Zaccone et al., 1996) and in the central nervous system
Fig. 5. S  the effects of ist wal aland rinas of an agnathahampetrajaponicaandatgleos(Dryzias latipes
'g. 5. Summary of the effects of agonists on rectal gland rings fro asuya et al.,, 1991). Immunoreactive ET also has been

Squalus acanthiasAll changes were significantly different from . . . .
zero (P<0.05) except for the responses to carbaprostacyclin an_gescnbed in molluscs, insects and the protochorGatea

prostaglandin E. Values are means sem., N=6-11. ACh, intestinalis suggesting a very ancient origin of this polypeptide
acetycholine: ET-1, human endothelin; NO, nitric oxide (initial family (Kasuya et al., 1991). It would be of interest to
dilation and subsequent constriction); pCNP, porcine C-typgletermine whether rectal gland tissue synthesizes ET.
natriuretic peptide; CPR, carbaprostacyclin (a stable agonist of The biphasic response to NO application is unusual. NO is
prostacyclin); PGE prostaglandin E. the well-defined endothelium-derived relaxing factor, but it
is now known to be produced by a variety of cells, most
notably for this study, neurons and vascular smooth muscle
(e.g. Sase and Michel, 1997; Shimpo et al., 2000;
Wakabayashi et al., 2000). NO has not been shown to be

D
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60 1 T constrictory in mammalian smooth muscle, but we have
found significant constriction i§. acanthiasascular smooth
40 muscle (Evans and Gunderson, 1998b; D. H. Evans, in
preparation) and in the ventral aorta of the hagfisixine
20 | glutinosa(Evans and Harrie, 2001). The aorta of the lamprey
Petromyzon marinusresponded to NO with an initial
1 constriction followed by a more significant relaxation, but the

F

aorta of the eel. rostratadilated when NO was applied
(Evans and Harrie, 2001).

The mechanisms underlying these NO-induced constrictions
are unknown, but it is possible that they are mediated by an
interaction between NO and superoxide to produce the reactive
1 peroxynitrite ion (e.g. Beckman and Koppenol, 1996). We

-60 have found (Evans and Hagen, 2000) that 50% of the NO-
ET-1 SRX S6e PCNP eANP induced constriction of th&. acanthiasaortic ring could be
Fig. 6. Effects of human endothelin (ET-1) compared Withmihrhbltt?d _?ymprel_trevs:izﬁmw\ggg t?eGduscl:fe{ﬁgld?nt?eiremjutlzsre
sarafotoxin S6¢c (SRX S6c¢; an endothelin-B-receptor-specifié‘rl etc Tempol,

agonist) and effects of porcine C-type natriuretic peptide (pCNP qncentrations of su.pe'roxic.ie (and thefebY perogynitrite;
compared with eel atrial natriuretic peptide (eANP) $qualus ilsson et al., 1989). Nitric oxide synthase (which mediates the

acanthiasrectal gland rings. All concentrations are |dmol 1. production of NO from.-arginine) has been localized in the
Values are means sEeM., N=8. The responses to SRX S6c and central and peripheral nervous system of a variety of teleost,
pPCNP were not significantly different from zef>0.05). elasmobranch and even agnathan fishes (e.g. Schober et al.,
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1994; Bruning et al., 1996; Funakoshi et al., 1997; Holmqvisbe another potential site of physiological regulation of the
and Ekstrom, 1997; Karila et al., 1997; Cioni et al., 1998), butectal gland and could work in concert with perfusion
it has not been localized in the elasmobranch rectal gland timitations and direct effects on cellular transport steps.
date. However, we did not observe peristalsis in the rings (e.g.
Not surprisingly, pCNP dilated the rectal gland ringsFig. 2), and peristalisis has not been described for the rectal
(Fig. 3). Shark CNP has been cloned fr8macanthiaseart  gland in vivo or during ex vivo perfusion. Burger (Burger,
(Schofield et al., 1991), but it is not available, and our earliet967) described an obvious intermittency of the gland
studies demonstrated that pCNP is just as dilatory whesecretion when measuredvivo, which could be the result of
applied toS. acanthiagortic rings as the homologous peptide agonist-induced changes in gland dimensions.
(Evans et al., 1993). Interestingly, when the action of eANP In summary, our data confirm the presence of a layer of
was compared with that of pCNP in paired experiments, eANBmooth mucle surrounding the glandular tissue of the
was much more potent; indeed, the CNP-mediated dilation wadasmobranch rectal gland. In addition, rings of rectal gland
not significant in these experiments (Fig. 6), which werdrom S. acanthiagespond to a suite of vasoactive signalling
performed a year later. We assume that population differencagents, suggesting that the dimensions of the gland can be
account for this discrepancy. altered under the stimulus of these agents. The role of such
This apparent sensitivity to an ANP might suggest that amolume changes in elasmobranch rectal gland function remains
NPR-A receptor is expressed in the contractile tissue of th® be determined.
rectal gland, because ANP is relatively specific for NPR-A
receptors, while CNP is very specific for NPR-B receptors (e.g. This study was supported by NSF IBN-9604824 to D.H.E.
Takei, 2000). However, attempts to isolate an ANP or iteand EPA STAR Fellowship U-915419 to P.M.P. The
MRNA in elasmobranch heart and brain have failed (Takeimmunofluorescent study was performed by John H. Henson
2000), and only NPR-B has been cloned fr8macanthias and Gregory J. Fredericks from Dickinson College, Carlisle,
rectal gland (Aller et al., 1999), so it seems more likely thatPA 17013, USA.
in our experiments, ANP is stimulating an NPR-B receptor
because of relatively high concentrations of the A-type
natriuretic peptide. Pharmacological or molecular techniques References
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