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Figure 5.3 Time course of changes in mean dorsal aortic pressure (Ppa, cm H;0) in Anguilla
rostrata (A, C, & E) and Oncorhynchus mykiss (B, D, & F) administered with either (A-F) saline
(¥=6; unfilled circle), (A & B) the smooth muscle relaxant papaverine (10 mg kg™; N=6; filled
circle), (C & D) papaverine (10 mg kg™) after pre-treatment with the a-adrenoceptor antagonist,
prazosin (N=; filled circle), or (E & F) papaverine (10 mg kg™) after pre-treatment with the
adrenergic neuron blocking agent, bretylium (N=6; filled circle). The time during which
Papaverine was injected is shown by a gray box in graphs A-F. For a given treatment, an asterisk
denotes a significant difference from the 0 min control value. A T symbol denotes a significant
difference from the control treatment for a given species and time (P<0.05). Values are means +

1SEM.
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Figure 5.4 Time course of changes in plasma adrenaline (Adr; A & C) and noradrenaline (Nor;
B & D) concentrations (nM) in Anguilla rostrata (A & B) and Oncorhynchus mykiss (C & D)
administered with either saline (AV=6; white bar), the smooth muscle relaxant papaverine (10 mg
kg'; N=s; gray bar), papaverine (10 mg kg™) after pre-treatment with the a-adrenoceptor
antagonist, prazosin (N=6; black bar), or papaverine (10 mg kg™) after pre-treatment with the
adrenergic neuron blocking agent, bretylium (N=6; cross-hatched bar). For a given treatment, an
asterisk denotes a significant difference from the 0 min control value. Treatments that do not
share a common letter for a given time and parameter are significantly different from each other
(P<0.05). Values are means + 1 SEM. Note the different Y-axis scales for panels A-B and C-

D.
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Figure 5.5 Time course of changes in plasma angiotensin IT concentrations (pM) in Anguilla
rostrata (A) and Oncorhynchus mykiss (B) administered with either saline (N=6; white bar), the
smooth muscle relaxant papaverine (10 mg kg™'; N=6; gray bar), papaverine (10 mg kg™) after
pre-treatment with the c-adrenoceptor antagonist, prazosin (N=6; black bar), or papaverine (10
mg kg) after pre-treatment with the adrenergic neuron blocking agent, bretylium (N=6; cross-
hatched bar). For a given treatment, an asterisk denotes a significant difference from the 0 min
control value. Treatments that do not share a common letter for a given time are significantly

different from each other (P<0.05). Values are means + 1 SEM.
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papaverine injection, Ang II concentrations were subsequently highest in the prazosin +
Ppapaverine treatment, intermediate in the bretylium + papaverine treatment, and lowest in the

papaverine treatment (Fig. 5.5B).

Discussion

The present study demonstrates that homologous [Asn’, Val’]-Ang II does not influence
catecholamine release from the chromaffin tissue of A. rostrata, and confirms that AngIlis a
potent secretagogue of humoral catecholamines in O. mykiss. Moreover, while a portion of the
Pressor responses elicited by exogenous Ang II injections can be mediated by the SNS in both O.
mykiss and A. rostrata, interactions between endogenous Ang IT and the SNS during a
hypotensive stress are only apparent in O. mykiss. Although both circulating catecholamines and
sympathetic nerves play important roles in the compensatory response to hypotension in O.
mykiss, sympathetic nerves and a-adrenoceptor-mediated effects of humoral catecholamines are
not essential contributors to blood pressure regulation in hypotensive 4. rostrata.

In situ perfused PCV preparations have previously been used to investigate the control of
catecholamine release from the chromaffin tissue of 4. rostrata and O. mykiss (Reid and Perry
1994, 1995; Reid ef al. 1996; Al-Kharrat et al. "1997; Bernier and Perry 1997; Abele et al. 1998;
McKendry ef al. 1999). In both species, the primary source of circulating catecholamines are
the chromaffin cells located in the walls of the anterior region of the PCV and in the surrounding
head kidney tissue (Hathaway and Epple 1989; Reid and Perry 1994). Although Ang II did not
affect the secretion rate of either adrenaline or noradrenaline in 4. rostrata, the suitability of the
eel preparations to investigate the effects of potential secretagogues was confirmed by the

stimulatory effects of carbachol on catecholamine secretion. Relative to the catecholamine
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secretion rates of O. mykiss, the significantly lower carbachol-elicited catecholamine secretion
rates in A. rostrata are characteristic of the previously described differential ability of these two
species to respond to cholinergic stimulation (Reid and Perry 1994; McKendry ef al. 1999). In
O. myfiss, the dose-dependent stimulatory effect of Ang II on adrenaline secretion confirms the
results of previous in situ experiments (Bernier and Perry 1997). On the other hand, and in
contrast to previous results (Bernier and Perry 1997), Ang I did not affect the secretion rate of
noradrenaline in the in situ PCV preparations of rainbow trout. Because Ang IT was previously
shown to preferentially stimulate adrenaline over noradrenaline secretion in rainbow trout
(Bernier and Perry 1997; Bernier ef dl. 1999b), the above results may simply reflect intrinsic
differences in the sensitivity of the chromaffin tissue to AngII.

Exogenous injections of homologous Ang II also were without any effect on the
circulating concentrations of plasma catecholamines in chronically cannulated and free
swimming A4. rostrata. In contrast and as previously observed (Bernier and Perry 1999),
identical injections of Ang II in the trout were associated with a dose-dependent increase in
plasma adrenaline and with a much smaller increase in plasma noradrenaline. Taken together,
results from the in situ and in vivo Ang II injections suggest that the chromaffin tissue of A.
rostrata, unlike that of O. mykiss, may be unresponsive to physiological concentrations of Ang
. Similar differences have been noted for mammals and include species differences for the
presence of Ang II receptors in the adrenal medulla (Livett and Marley 1993).

Although exogenous injections of Ang II elicit a pressor response in both species, there
are significant differences in the cardiovascular effects of Ang II between A. rostrata and O.
mykiss. Relative to the response in O. mykiss, the smaller Ang IT-mediated vasopressor response

in A. rostrata has a slower onset and is longer lasting. While rapid changes in systemic vascular



156

resistance (Rs) and slower longer lasting changes in cardiac output (Q) contribute to the Ang II-
elicited vasopressor response in both species, changes in Rs are a more important contributor in
O. mykiss (Bernier and Perry 1999) than in 4. rostrata (Oudit and Bulter 1995a). Similarly,
although a portion of the Ang II-elicited vasopressor response is mediated indirectly via the SNS
in both O. mykiss and A. rostrata (this study; Chan and Chow 1976; Nishimura et al. 1978;
Nishimura 1985b; Olson ef al. 1994; Oudit and Butler 1995a; Bernier and Perry 1999), the
nature of the interaction between Ang II and the SNS differs between the two species. In 4.
rostrata, because Ang I does not stimulate humoral catecholamine release, the indirect SNS-
mediated vasopressor action of Ang II must take place via an interaction with sympathetic
nerves. In contrast, there is evidence that at least a portion of the cardiovascular effects of
exogenous Ang I in trout can be attributed to increased levels of plasma adrenaline (Bernier and
Perry 1999). Moreover, whereas a-adrenoceptor blockade has no effect on the Ang II-mediated
increase in Rs in 4. rostrata (Oudit and Butler 1995a), the Ang II-mediated increase in Ry is
significantly reduced by a similar treatment in O. mykiss (Bernier and Perry 1999). In fact, in 4.
rostrata, it appears that changes in Q are responsible for the indirect SNS-mediated vasopressor
action of Ang IT (Oudit and Butler 1995a).

Administration of the smooth muscle relaxant papaverine elicited an acute reduction in
blood pressure, and as evidenced by the increases in plasma Ang IT levels, a recruitment of the
RAS in both 4. rostrata and O. mykiss. While these results are confirmatory (Tierney et al.
1995b; Bernier et al. 1999b), the parallel design of this experiment revealed significant
differences between eel and trout in blood pressure recovery from a hypotensive stress.
Following papaverine treatment, even though Pp, fell by approximately 60% in both species,

recovery of blood pressure in O. mykiss took less than a quarter of the time than that required by



157

A. rostrata, and was characterized by a significant elevation of Ppa above resting conditions.
Previous experiments have provided evidence for the importance of an RAS recruitment to blood
pressure recovery in hypotensive teleosts (Perrott and Balment 1990; Tierney ef al. 1995b;
Bernier et al. 1999b). In 4. anguilla (Tierney et al. 1995b) and O. mykiss (Bernier et al. 1999b),
preventing the formation of Ang IT with an angiotensin-converting enzyme (ACE) inhibitor
significantly hinders recovery from a hypotensive stress. However, given a similar degree of
hypotension, our results show that RAS recruitment in O. mykiss is faster and more pronounced
than in A. rostrata. Under normotensive conditions, although blockade of the RAS with an ACE
inhibitor lowers resting blood pressure in O. mykiss (Olson et al. 1997b; Bernier et al. 1999b), a
similar treatment has no effect on Pp, in fresh water 4. anguilla (Tierney et al. 1995b). Hence,
while the RAS plays a tonic role in maintaining resting blood pressure in O. mykiss, this may not
be the case in fresh water 4. rostrata. Differences in the role that the RAS plays in regulating
resting Ppa between both species presumably reflects on the basal activity of their RAS. In
return, differences in basal RAS activity may explain, at least in part, the differential recruitment
of the RAS in hypotensive 4. rostrata and O. mykiss and their marked differences in blood
pressure recovery.

The hypotensive properties of papaverine, in addition to stimulating the RAS, resulted in
an increase in the circulating concentrations of plasma catecholamines in both O. mykiss and A.
rostrata. However, as with the recruitment of the RAS, there was a marked difference in the
magnitude of the papaverine-elicited increase in plasma catecholamines between the two teleost
species. In rainbow trout, since ACE blockade prior to papaverine treatment significantly
attenuates the hypotension-associated increase in plasma catecholamine levels (Bernier et al.

1999b), Ang II is thought to play an important role in mediating the pronounced recruitment of
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humoral catecholamines during a hypotensive stress. In contrast, because we found no evidence
that exogenous Ang II can stimulate catecholamine release in A. rostrata, the RAS, an important
mediator of catecholamine release in hypotensive trout, is unlikely to play a role in the American
eel. Because bretylium treatment prior to papaverine injection did not attenuate the hypotension-
associated increase in plasma catecholamines, it is also improbable that sympathetic nerves were
the source of the relatively small increase in plasma catecholamines observed in the papaverine-
treated eels. In A. rostrata, in response to a hypotensive stress, while a reflexive neuronal
stimulation of the chromaffin tissue via pre-ganglionic cholinergic fibers may stimulate
catecholamine release, a variety of other mechanisms may also contribute to the control of
humoral catecholamine release (Reid er al. 1995; Abele et al. 1998). However, given that the
fish from the prazosin + papaverine and the papaverine treatments had similar catecholamine
levels throughout the hypotensive stress, a-adrenoceptor mediation of catecholamine release
(Abele et al. 1998) is unlikely to be a contributing mechanism in either the eel or the trout.
Although plasma catecholamine levels increased in both fish species following
papaverine treatment, our results suggest that while the o-adrenoceptor-mediated effects of
humoral catecholamines significantly contribute to blood pressure recovery in O. mykiss they do
not play an essential role in the eel. In 4. rostrata, relative to fish treated solely with papaverine,
a-adrenoceptor blockade prior to papaverine treatment did not impede blood pressure recovery.
Hence, since changes in O are the primary contributor to the vasopressor response elicited by
exogenous catecholamines in 4. rostrata (Chan and Chow 1976; Oudit and Butler 1995b), our
results suggest that the plasma catecholamine increases of papaverine-treated eels did not

enhance cardiac performance via o-adrenoceptor-mediated mechanisms. At least they did

enhance cardiac performance to the extent that such a-adrenoceptor-mediated cardiac changes
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could not be compensated for by other cardiovascular adjustments in the eels treated with an a-
adrenoceptor antagonist. Meanwhile, although there is some controversy as to whether the direct
cardiac actions of catecholamines are mediated by a- (Chan and Chow 1976; Oudit and Butler
1995b) or B-adrenoceptors (Yasuda ez al, 1996), it is possible that the hypotension-elicited
increases in plasma catecholamines had significant physiological actions via cardiac B-
adrenoceptors (Yasuda ef al. 1996). In contrast to the eel, blockade of c-adrenoceptors prior to
Papaverine treatment prevented Pp, recovery in O. mykiss (this study; Bernier ez al. 1999b). The
observation that blockade of the sympathetic nerves with bretylium did not impede Pp, recovery
to the same extent as o-adrenoceptor blockade, suggest that humoral catecholamines
significantly contribute to cardiovascular control during a hypotensive stress in rainbow trout.
This finding is corroborated by the previous observation that exogenous supplementation of
plasma catecholamine concentrations prevents the chronic hypotensive effects of RAS blockade
in papaverine-treated trout (Bernier ef al. 1999b). Furthermore, plasma catecholamine levels of
equivalent or smaller magnitude than those achieved in the papaverine-treated trout in this study,
have previously been shown to contribute to cardiovascular control in O. mykiss by elevating
Ppa, Rs, and Q (Gamperl et al. 1994a; Bernier and Perry 1999).

The compensatory response to hypotension in 4. rostrata and O. mykiss also involves a
differential contribution of the sympathetic nerves. In 4. rostrata, Pp, recovery following the
hypotensive stress was identical between the bretylium + papaverine and the papaverine
treatments. Hence, despite the observations that a portion of the Vasopressor response to
exogenous Ang IT injections may be mediated by sympathetic nerves (this study; Nishimura ef
al. 1978; Nishimura 1985b; Oudit and Butler 1995a) and that the RAS is recruited following

papaverine treatment (this study; Tiemney ef al. 1995b), there is no evidence that sympathetic
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nerves play an essential role in the compensatory response to hypotension in the American eel.
In O. mykiss, bretylium treatment prior to papaverine did not prevent full Pp, recovery as the a-
adrenoceptor treatment did. However, it annulled the rapid overshoot in blood pressure which
characterized recovery in the papaverine treatment. Therefore, in O. mykiss, sympathetic nerves
appear to be primarily involved in the short-term response to blood pressure regulation that
immediately follows the hypotensive insult. Whether or not a portion of the SNS involvement in
Pp, recovery results from the stimulatory effects of Ang Il on sympathetic nerve endings (Reid
1992) can not be ascertained in the current study. However, because a-adrenoceptor blockade or
bretylium treatment inhibit approximately 40% of the vasoconstrictory effect of Ang II'in a
perfused dorsal aorta preparation of O. mykiss (Olson et al. 1994), it appears likely that
endogenous Ang II mediates a portion of its cardiovascular effects via an enhancement of
sympathetic neurotransmission. Finally, under normotensive conditions, as previously observed
by Hipkins ef al. (1986) in A. australis, bretylium treatment did not decrease resting blood
pressure in 4. rostrata. In contrast, we corroborated the observation that chronic bretylium
treatment significantly lowers resting Pp, in O. mykiss (Smith 1978). Therefore, while the SNS
plays an important role: in maintaining resting blood pressure in the trout (Wood and Shelton
1975; Wood and Shelton 1980; Xu and Olson 1993), there is no evidence for a sympathetic
vasoconstrictor tone to the systemic vasculature of resting eel.

In summary, we have observed marked differences between A. rostrata and O. mykiss in
their reguiation of blood pressure during a hypotensive stress. These species-specific responses
to hypotension can be explained, at least in part, by differential involvement of the RAS, the
SNS, and their interactions in the homeostatic regulation of blood pressure. In O. mykiss, the

compensatory response to hypotension involved an acute recruitment of the RAS, and a
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significant involvement of sympathetic nerves and humoral catecholamines to blood pressure
restoration. The contribution of humoral catecholamines to blood pressure regulation in the trout
is primarily mediated by the stimulatory effect of Ang IT on catecholamine release from the
chromaffin tissue. In contrast, although the compensatory response to hypotension in 4. rostrata
also involves a recruitment of the RAS, Ang II does not elicit catecholamine release from the

chromaffin tissue, and o-adrenoceptor-mediated catecholamine effects or sympathetic nerves do

not play an essential role in blood pressure recovery.
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CHAPTER 6.

Cardiovascular control via angiotensin IT and circulating catecholamines

in the spiny dogfish, Squalus acanthias
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Abstract

The contributions of circulating angiotensin I and catecholamines to cardiovascular
control in the spiny dogfish were investigated by monitoring the effects of exogenous and
endogenous dogfish [Asn', Pro’, Ile’]-Ang I (dfAng II) on plasma catecholamine levels and
blood pressure regulation. Bolus intravenous injections of dfAng II (30-1200 pmol kg™) elicited
dose-dependent increases in plasma adrenaline and noradrenaline concentrations, caudal artery
pressure (Pca), and systemic vascular resistance (Rs), and a decrease in cardiac output (Q).
Similar injections of Ang II in dogfish pre-treated with the a-adrenoceptor antagonist yohimbine
(4 mg kg') also elicited dose-dependent increases in plasma catecholamine levels yet the
cardiovascular effects were abolished. Dogfish treated with yohimbine were hypotensive and had
elevated levels of plasma Ang II and catecholamines. Intravenous injection of the smooth muscle
relaxant papaverine (10 mg kg™) elicited a transient decrease in Pc, and Rs, and increases in
plasma Ang IT and catecholamine levels. In dogfish first treated with lisinopril (10~ mol kg™), an
angiotensin converting enzyme inhibitor, papaverine treatment caused a more prolonged and
greater decrease in Pca.and Rs, an attenuated increase in plasma catecholamines, and no change in
plasma Ang II. By itself, lisinopril treatment had little effect on Pc,, and no effect on Rs, plasma
Ang II or catecholamines. In yohimbine-treated dogfish, papaverine treatment elicited marked
decreases in Pca, Rs, and Q, and increases in plasma Ang II and catecholamines. Among the 3
papaverine treatments, there was a positive linear relationship between plasma Ang IT and
catecholamine concentrations, and the cardiovascular and hormonal changes were most
pronounced in the yohimbine + papaverine treatment. Therefore, under resting normotensive

conditions, while Ang IT does not appear to be involved in cardiovascular control, catecholamines
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play an important role. However, following a hypotensive stress, Ang II indirectly contributes to

cardiovascular control by a dose-dependent stimulation of catecholamine release.

Introduction

Throughout the vertebrates, the adrenergic and renin-angiotensin systems (RAS) play
important roles in cardiovascular homeostasis. However, comparative studies have revealed that
the mode of action of either the RAS or the adrenergic system, and the degree of interaction
between the two, varies considerably within the vertebrate lineage (Morris and Nilsson 1994;
Kobayashi and Takei 1996). In elasmobranchs, some of the major visceral arteries receive
adrenergic innervation (Nilsson ef al. 1975), but sympathetic nerves are absent from the heart
(Short et al. 1977) and do not appear to play a significant role in the control of the systemic
circulation (Opdyke et al. 1972; Holcombe ef al. 1980). Catecholamine injections, in contrast,
elicit systemic vasoconstriction in elasmobranchs (Capra and Satchell 1977b; Kent and Pierce
1978; Opdyke ef al. 1982), and there is pharmacological evidence suggesting that circulating
catecholamines may be important for maintaining basal cardiac activity and systemic vascular
resistance (Opdyke ef al. 1972; Short ef al. 1977). Hence, although direct evidence is scarce, the
adrenergic contribution to cardiovascular control in elasmobranchs appears to be primarily
humoral (Butler and Metcalfe, 1988), unlike the situation in most vertebrates (Morris and Nilsson
1994).

While previously debated (see Olson 1992; Henderson et al. 1993; Kobayashi and Takei
1996 for reviews), the presence of a RAS in elasmobranchs was recently confirmed by the
isolation of angiotensin I from the dogfish, Triakis scyllia (Takei et al. 1993). Evidence for an

involvement of the RAS in the cardiovascular control of elasmobranchs is both direct and indirect.
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As in other vertebrates, homologous and heterologous angiotensin II (Ang II), the active product
of the RAS, have vasopressor activity in dogfish (Opdyke and Holcombe 1976; Khosla ef al.
1983; Hazon et al. 1995; Tiemey et al. 1997). Also, in response to hypotensive conditions, there
is evidence that the pressor attributes of Ang IT may contribute to blood pressure regulation
(Hazon ef al. 1989). In teleosts (Bernier and Perry 1999) and mammals (Butler ez al. 1994), a
varying portion of Ang II-mediated vasopressor activity can be attributed to an interaction with
the adrenergic system. In elasmobranchs, however, there are conflicting reports regarding the
nature of the interaction between the RAS and the adrenergic system in cardiovascular control. In
the spiny dogfish (Squalus acanthias), the response to heterologous Ang IT is blocked by a-
adrenoceptor antagonists (Opdyke and Holcombe 1976; Carroll and Opdyke 1982; Khosla ez al.
1983). Furthermore, exogenous teleost Ang IT elicits an increase in plasma catecholamines
(Opdyke et al. 1981b), and functional Ang II vascular receptors appear to be absent (Carroll
1981; Opdyke et al. 1982). Hence, in S, acanthias, the pressor response to heterologous Ang IT
appears to be mediated solely by circulating catecholamines. Conflicting results, however, were
reported in the lessor spotted dogfish (Scyliorhinus canicula), where a-adrenoceptor blockade
did not alter the magnitude of the vasopressor response to homologous Ang IT (Tierney ef al.
1997). Furthermore, in the Japanese dogfish (Tri‘akis scyllia), there is in vitro evidence for the
presence of functional Ang IT vascular receptors (Hamano et al. 1998).

Whether these discrepancies in the mode of action of Ang I in elasmobranchs reflect
species differences, Ang II dosage differences, or to important substitutions in the amino acid
sequence of homologous versus heterologous Ang II (Takei et al. 1993) are not known.
Moreover, although there is evidence that Ang II may play a role in cardiovascular control during

a hypotensive stress (Hazon ef al. 1989; Galli and Kiang 1990), the direct involvement and mode
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of action of either circulating Ang IT or catecholamines under such conditions have yet to be
assessed.

The objectives of this study, therefore, were to determine whether the pressor response to
homologous Ang II in S. acanthias is mediated by plasma catecholamines, and to assess the
relative contributions of circulating Ang IT and catecholamines to cardiovascular control during

normotensive and hypotensive conditions.

Materials and methods

Experimental animals

Spiny dogfish, Squalus acanthias, of either sex weighing between 1130 and 2355 g
(experimental N = 30) were collected by net during trawl by local fisherman and transported to
holding facilities at Bamfield Marine Station (Bamfield, British Columbia). The dogfish were kept
under natural photoperiod in a 75,000 liter opaque circular tank provided with aerated full-
strength sea water at 11°C. They were fed twice weekly with herring and used for
experimentation within 4 weeks of capture.
Surgical procedures

Dogfish were immersed in an aerated anaesthetic solution of ethyl-m-aminobenzoate (0.1
g I''; MS-222; Syndel, Vancouver, B.C.) and transferred to an operating table where the gills were
irrigated continuously with the same anaesthetic solution. A lateral incision was made in the
caudal peduncle to expose and cannulate (PE 50; Clay Adams) both the caudal vein and the
caudal artery in the anterograde direction. While the arterial cannula allowed caudal artery blood
pressure (Pca) measurements, the caudal vein cannula permitted injections and repeated blood

sampling. Both cannulae were filled with heparinized (100 iu. ml" sodium heparin; Sigma
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Chemical, St. Louis, MO) dogfish saline (500 mmol I"! NaCl). In addition, the pericardial cavity
was exposed with a ventra! midline incision and the pericardium was dissected to expose the
conus arteriosus. To enable measurement of cardiac output (Q), a 38 or 48 ultrasonic flow probe
(Transonic Systems Inc., Ithaca, NY) was placed non-occlusively around the conus. Lubricating
jelly was used with the perivascular flowprobe as an acoustic couplant. Silk sutures were used to
close the ventral and caudal peduncle incisions, and to anchor the cardiac output probe lead and
the cannulae to the skin. After surgery, dogfish were placed into individual flow-through opaque
acrylic or wooden boxes and left to recover for 24 hours before experimentation.
Experimental protocol
Series 1: the effects of exogenous dfAng II on cardiovascular function and plasma
catecholamine levels

Dogfish were monitored during an initial period of 30 to 60 min to assess the stability of
Pca and Q traces. Upon stabilisation, control baseline parameters were recorded for 5 min, after
which dogfish were given a bolus injection (0.5 ml) of homologous [Asn', Pro’, De’]-Ang I
(dfAng IT; Peptide Institute Inc., Osaka) through the caudal vein cannula over a period of 30 sec.
Cardiovascular responses to the injection were monitored continuously, and following recovery of
cardiovascular variables to control baseline levels for a 1 hour period, a second dose of dfAng I
was injected. Repeating this protocol, five doses of dfAng II (30, 100, 300, 600, 1200 pmol kg™)
and saline were randomly and sequentially tested on each fish (N = 6). Each injection was
followed by 0.4 ml of saline to clear the cannula.

Using the same experimental protocol as above, three doses of dfAng IT (30, 300, and
1200 pmol kg™) and saline were tested in a second group of dogfish (N = 6), first treated with the

a—adrenoc;eptor blocker, yohimbine (RBI, Natick, MA). Alpha-adrenergic blockade was achieved
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by slowly (over a 5 min period) injecting a 4 mg kg’ dose of yohimbine 60 min prior to
experimentation. Yohimbine was dissolved in 200 p! of ethanol and diluted in saline (4 mg ml™)
prior to injection (1 ml kg™). Before yohimbine treatment and after the three Ang II doses, the
effectiveness of the o-adrenergic blockade was assessed by injection of a catecholamine cocktail
(0.1 ml kg™) prepared in dogfish saline and consisting of 1 x 10 mol I'* adrenaline bitartrate and
noradrenaline bitartrate (Arterenol, Sigma).

In both groups of fish, a blood sample (0.35 ml) was taken during the 5 min control period
before each dfAng II dose to assess basal plasma catecholamines. Four additional blood samples
(0.35 ml) were then taken 1, 2.5, 5, and 10 min after each Ang II injection to assess the effects of
dfAng IT on circulating plasma catecholamine concentrations. Each blood sample, which was
replaced by an equivalent volume of saline, was collected in a 1.5 ml microcentrifuge tube, and
centrifuged immediately at 10,000 g for 15 sec. The separated piasma was combined with 10 ul
of a 5% EDTA / 10 % sodium bisulphite solution, quick frozen in liquid nitrogen, and stored at
—80°C for later analysis of catecholamines.

Series 2: the effects of hypotension on circulating Ang Il and catecholamine concentrations

To investigate the relative contributions of circulating catecholamines and Ang II to
cardiovascular control in hypotensive S. acanthias, three separate groups of fish were given one
of the following treatments: papaverine; lisinopril + papaverine; or yohimbine + papaverine.

Once the stability of Pca and Q traces had been established, control baseline
cardiovascular parameters were recorded for 10 min and fish (N = 6) were then injected (0.375 ml
kg over the subsequent 10 min period with the smooth muscle relaxant, papaverine (10 mg ke';
RBI). The papaverine injection was followed by 0.4 ml of saline to clear the caudal vein cannula,

and the cardiovascular effects of this hypotensive treatment were then monitored continuously for
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the following 50 min. A blood sample (0.5 ml) was taken immediately before the papaverine
injection, as well as 10, 15, 20, 25, 30, 40, 50, and 60 min after the beginning of the injection for
subsequent analysis of catecholamines and [Asn', Pro®, lle’]-Ang 0. Each blood sample was
replaced by an equivalent volume of saline, and plasma was obtained by centrifugation and treated
as above (see Series 1) prior to being frozen and stored at —80°C.

In the lisinopril + papaverine or yohimbine + papaverine treatments, the cardiovascular
effects of papaverine were assessed one hour after dogfish received an injection of either the
angiotensin converting enzyme (ACE) inhibitor, lisinopril (Sigma), or yohimbine (see series 1).
Blockade of the RAS was achieved by injecting a 10 mol kg™ dose of lisinopril (1 ml kg™) over a
2 min period. In both treatments, the cardiovascular effects of the blockers were monitored, and
blood samples (0.5 ml) were taken before (0 and 5 min) and after (5, 10, 15, and 20 min) injection
of either lisinopril or yohimbine to assess their effects on circulating concentrations of
catecholamines and dfAng II.

In the lisinopril + papaverine treatment, the effectiveness of ACE blockade was assessed
by comparing the cardiovascular effects of a bolus injection of 1000 pmol kg™ [Ans', Val®, Asn®}-
Ang I (salmon Ang I; Sigma) given before and after lisinopril. Salmon Ang I was used to test the
effectiveness of ACE blockade because of the unavailability of dogfish Ang I at the time of

experimentation.

Analytical procedures

Caudal artery pressure (Pca) was measured with a UFI model 1050BP (UFI, Morro Bay,
CA) pressure transducer that was calibrated against a static water column. Mean blood pressure

was calculated as: (systolic pressure + diastolic pressure) / 2. The perivascular flow probes used
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to measure Q) were connected to a Transonic T106 small animal blood flow meter (Transonic
Systems Inc., Ithaca, NY). These probes were pre-calibrated in the factory and verified in the
laboratory by pump perfusion of the heart of an immersed euthanized fish with saline at known
flow rates. Both Pcaand Q signals were recorded with a data acquisition system (Biopac System
Inc., Goleta, CA) and collected at 0.04 sec intervals using Acknowledge IT™ (Biopac System
Inc.) data acquisition software. Systemic vascular resistance (Rs) was calculated as mean Pcy
divided by O (i.e. Rs = Pca / ), heart rate (fi;) was derived from the caudal artery pressure pulse
trace, and stroke volume (V) was calculated as Q divided by fi; (i.e. Vs = 0/ fy).

Plasma catecholamines (adrenaline and noradrenaline) were determined on alumina-
extracted plasma samples (0.2 ml) using high-pressure liquid chromatography (HPLC) with
electrochemical detection (Bernier and Perry 1997). The extracted samples were passed through
an Ultratechsphere ODS-C18 5 um column (HPLC Technology Ltd), using a catecholamine and
metanephrine mobile phase (Chromosystems, Munich, Germany). The separated amines were
integrated using the Star Chromatography software program (version 4.0, Varian, Walnut Creek,
CA). Concentrations were calculated relative to appropriate standards and with 3,4-
dihydroxybenzylamine hydrobromide (DHBA) as an internal standard in all determinations.
Plasma Ang II concentrations were determined on extracted plasma samples and measured by
radioimmunoassay (Bernier e al. 1999b). The antibody used in this assay exhibited 73.4% cross-
reactivity with dogfish [Asn', Pro®, lle’]-Ang II. The dilution curve of immunoreactive Ang IT in
extracted S. acanthias plasma was parallel to the standard curve of [Asn’, Pro®, Ile*]-Ang II. The

intra- and inter-assay coefficients of variation were 5.5% and 8.1%, respectively.
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Statistical anglyses

Data are presented as mean values + one standard error of the mean (SEM). The
statistical significance of the observed effects of an injection within a group was tested using a
one-way repeated-measures analysis of variance (ANOVA). Dunnett’s post-hoc multiple-
comparison test was used to compare the pre-injection control data point with values at
subsequent times. Following a given dfAng I injection, differences between the control and
maximum plasma catecholamine levels were analysed using a Student’s paired #-test. Among the
various dfAng II injections within a treatment, differences in the effects on cardiovascular
variables, or differences in the maximum increase of a catecholamine, were determined using one-
way ANOVA followed by a Tukey test for multiple comparisons. The statistical significance of
observed differences between the means of two treatments was determined by a Student’s z-test.
For a given parameter and time, differences among the 3 papaverine treatments were assessed
with a one-way ANOVA followed by Dunnett’s multiple-comparisons test to compare the
lisinopril + papaverine and the yohimbine + papaverine treatments to the control papaverine

treatment. The significance level for all statistical tests was P<0.05.

Ro;sults
Series 1: the effects of exogenous dfdng II on cardiovascular Junction and plasma
catecholamine levels
Bolus injections of dfAng IT between 30 and 1200 pmol kg™ elicited increases in Pc, and
Rs, and decreases in Q, fi, and Vs (Table 6.1; Fig. 6.1A-E). While the dfAng I-elicited increase
in Pca was dose-dependent between 30 and 300 pmol kg, the increase in Rs was dose-dependent

between 30 and 1200 pmol kg™ (Table 6.1). The dfAng II injections also elicited dose-dependent
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increases in plasma noradrenaline (100 to 1200 pmol kg™; Fig. 6.2A) and plasma adrenaline (30 to
1200 pmol kg™'; Fig. 6.2B) levels. For a given Ang IT dose (30 to 1200 pmol kg™), the increase in
plasma adrenaline was significantly greater (2-2.7 times) than the increase in noradrenaline (Fig.
6.2A-B).

In comparison to the control group, fish treated with the o-adrenergic antagonist
yohimbine had significantly lower resting mean Pc, and Rs, similar O (Table 6.2; Fig. 6.1A-C),
and higher basal plasma noradrenaline and adrenaline concentrations (Fig. 6.2A-B). Relative to
the pre-injection control condition, yohimbine treatment reduced the pressure response and the
increase in Rs to a bolus injection of catecholamines by 81 and 93%, respectively, and abolished
the reduction in Q (Table 6.2). Although bolus injections of dfAng IT (30 to 1200 pmol kg™) had
no significant effect on any of the measured cardiovascular parameters in the yohimbine-treated
dogfish (Table 6.1; Fig. 6.1A-E), they elicited dose-dependent (30 to 1200 pmol kg™) increases in
plasma catecholamine levels (Fig. 6.2A-B). As in the control group, the increases in plasma
adrenaline were significantly greater (2-2.5 times) than the increases in noradrenaline (Fig. 6.2A-
B).

Injection of saline alone had no effect on the resting cardiovascular parameters or on the
basal plasma catecholamine concentrations of either the control or yohimbine-treated dogfish
(Table 6.1, Fig. 6.2A-B).

Series 2: the effects of hypotension on circulating Ang II and catecholamine concentrations

Intravenous injection of papaverine elicited rapid and transient decreases in P, (47%) and
Rs (39%), and no significant change in Q (Fig. 6.3A-C), f, or Vs (data not shown). Papaverine
treatment elicited sustained increases in plasma adrenaline, noradrenaline and Ang 1

concentrations (Fig. 6.3D-E).
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Lisinopril administration produced a small and transient decrease in Pcs (17%), and no
significant change in Rs, O, plasma catecholamines, or plasma Ang II (Fig. 6.4A-E). In
comparison to control fish, lisinopril treatment abolished the changes in Pc,, Rs, and Q associated
with a bolus injection of [Asn, Val’, Asn®]-Ang I (Table 6.3) thus confirming ACE inhibition.
Papaverine injection in lisinopril-treated fish elicited rapid and sustained decreases in Pc, (64%)
and Rs (56%), and no significant change in Q (Fig. 6.4F-H), fu, or Vs (data not shown). The
papaverine-elicited decreases in Pc, and Rs were significantly greater in the lisinopril-treated
dogfish than in the control papaverine group. Papaverine injection in lisinopril-treated fish also
produced a transient increase in plasma adrenaline, a small and sustained increase in plasma
noradrenaline, and had no effect on plasma Ang IT concentrations (Fig. 6.41-J).

Yohimbine administration produced marked and sustained decreases in Pcy (56%) and Rs
(54%), no significant change in Q, and increases in plasma catecholamine and Ang II
concentrations (Fig. 6.5A-E). Papaverine injection in yohimbine-treated fish resulted in further
decreases in Pca (47%), and R (27%), as well as decreases in Q (24%; Fig. 6.5F-H), and V5, but
no significant change in f; (data not shown). In comparison to the pre-yohimbine baseline
cardiovascular variables, the combined yohimbine + papaverine treatment decreased Pc, and R
by 72 and 61%, respectively. The papaverine-elicited decreases in Pc4 and Rs in the yohimbine-
treated dogfish were significantly greater than in the control papaverine group. Papaverine
injection in c-adrenoceptor blocked dogfish also resulted in plasma catecholamine and Ang I

concentrations that were significantly higher than in the control papaverine group (Fig. 6.5I-J).
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Table 6.1 Absolute changes in cardiovascular parameters' following bolus injection of saline or [Asn', Pro’,

He*]-Ang IT in control or yohimbine-treated spiny dogfish, Squalus acanthias.

[Asn',Pro’ le’]-Ang II dose (pmol kg™)

Parameter Saline 30 100 300 600 1200
Control treatment (6)
Peca +4.540.6°  +104£23*° +14.6£0.7*  +19.5£1.4% 421041 9% 42132 7%
Rs +0.240.0°  +0.8+£0.2%®  +12402%%  +10+03%  192403%% 49 540 4%
0 +1.7+0.6* -4.8+]1.1%° -5.6£1.6*° -6.7+1.6%° -7.3+1.7% -8.1+1.3*°
S +0.8+0.6" -3.7+1.1% -3.3£0.8*° -3.5+0.8+° -3.7+1.0% -4.7+0.8*
Vs +0.08+0.06"  -0.12+0.05®  -0.25+0.05*° -0.26+0.06*® -0.29+0.05*® -0.32+0.06*
Yohimbine treatment (6)
Peca +1.7+0.7 +1.7+0.9 +1.240.3 +2.5+1.4
Rs +0.1£0.0 +0.1£0.0 +0.1£0.0 +0.1£0.0
0 +2.7+0.5 +4.3£2.0 +2.0+1.2 +1.120 .4
S +0.2+0.5 +0.8+0.5 -0.8+0.9 -0.7+1.0
Ve 10024007  -0.09£0.07 -0.01:0.08 +0.070.09

Values are means + 1 SEM. Values in parentheses represent N values.

* Significantly different from resting value for a given injection. Means that do not share a common letter for a

given parameter and treatment are significantly different from each other (P<0.05).

1 — Pca, mean caudal artery pressure (cm H,0); Rs, systemic resistance (cm H;0 mi” min™ kg™); O, cardiac

output (ml min™ kg™); i, heart rate (beats min™); Vs, stroke volume (ml kg™ beat™)
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Figure 6.1 (A) Mean caudal artery pressure (Pc,, cm H,0), (B) systemic vascular resistance (Rs,
cm H,0 mI” min™ kg™), (C) cardiac output (Q, ml min™ kg), (D) heart rate (f, beats min™), and
(E) stroke volume (Vs, ml kg™ beat™) in intact control (N=6; filled circles) and yohimbine-treated
(¥=6; unfilled circles) Pacific spiny dogfish, Squalus acanthias, given a bolus injection of 300
pmol kg™ homologous [Asn', Pro, Tle’]-Ang IT. The dashed line in each graph indicates the time
of Ang IT injection. An asterisk denotes a significant difference from the resting value

immediately preceding the dashed line (P<0.05). Values are means+ 1 S.E.M.
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Figure 6.2 Effects of bolus injections of either saline or homologous [Asn’, Pro’, Ile’]-Ang IIon
plasma (A) noradrenaline and (B) adrenaline concentrations in intact control =6) and
yohimbine-treated (N=6) Pacific spiny dogfish, Squalus acanthias. The unfilled and black bars
indicate the basal catecholamine concentrations prior to the injection in the control and
yohimbine-treated dogfish, respectively. The diagonal- and cross-hatched bars indicate the
maximum catecholamine concentrations in response to the injection in the control and yohimbine-
treated dogfish, respectively. An asterisk denotes a significant difference from the basal value for
a given dose and treatment. Means that do not share a common letter for a given parameter and
treatment are significantly different from each other. t denotes a significant difference from the
corresponding value in the control treatment for a given dose (P<0.05). Values are means + 1

SEM
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Table 6.2 The effects of a bolus injection of catecholamines' on the cardiovascular variables? of

intact control and yohimbine-treated spiny dogfish, Squalus acanthias.

Treatment N PCA RS Q

(cm H,0) (cm KO mI" min" kg™)  (ml min kg™

Control 6
Basal values 275427 1.120.1 26.143 3
Post-injection 40.343 3* 3.140.6* 15.843 5%
Change from basal 12.8£1.9 1.9+£0.5 -10.2+2.1

Yohimbine 6

Basal values 11.741.6t 0.5+0.1 23.042.7
Post-injection 14.242 5% 0.7+0.1* 19.941.5
Change from basal 2.541.04 0.140.0# 3.1£1.9%

1 — The catecholamine injection contained 10 nmol kg™ body wt noradrenaline bitartrate and

adrenaline bitartrate.
Values are mean+1 S.E.M.
* Significantly different from basal value for a given treatment. T Significantly different from

basal value of the control treatment. # Significantly different from the change from basal value of

the control treatment (P<0.05).

2 — Pca, mean caudal artery pressure; Rs, systemic resistance; O, cardiac output.
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Figure 6.3 Effects of an intravenous injection of the smooth muscle relaxant, papaverine (10 mg
kg™) on (A) mean caudal artery pressure (Pca, cm H0), (B) systemic vascular resistance (Rs, cm
H20 mI" min™ kg™), (O) cardiac output (Q, ml min™ kg™), (D) plasma catecholamines (nM), and
(E) plasma [Asn', Pro’®, Ile]-Ang II (pM) in Pacific spiny dogfish, Squalus acanthias (N=6). The
time during which papaverine was injected is shown by a gray box in graphs A, B, and C. An
asterisk denotes a significant difference from the control value immediately preceding the

papaverine injection (10-min) for a given parameter (P<0.05). Values are means + 1 S_E.M.
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Figure 6.4 Effects of an intravenous injection of the angiotensin-converting-enzyme inhibitor,
lisinopril (A-E; 10 mol kg™) followed by an intravenous injection of the smooth muscle relaxant,
papaverine (F-J; 10 mg kg) on (A & F) mean caudal artery pressure (Pca, cm Hy0), (B & G)
systemic vascular resistance (Rs, cm H,O mI™ min™ kg™), (C & H) cardiac output (Q, ml min kg’
"), @ & I) plasma catecholamines (uM), and (E & J) plasma [Asn', Pro®, Ile’]-Ang II (pM) in
Pacific spiny dogfish, Squalus acanthias (N=6). The time during which lisinopril was injected is
shown by a gray box in graphs A, B, and C. The time during which papaverine was injected is
shown by a gray box in graphs F, G, and H. An asterisk denotes a significant difference from the
control value immediately preceding the papaverine injection (10-min) for a given parameter. t
denotes a significant difference from the corresponding value in the papaverine treatment (Fig.
6.3) for a given parameter. # denotes a significant difference from the control value immediately
preceding the lisinopril injection (S-min) for a given parameter (P<0.05). Values are means + 1

SEM
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Table 6.3 The effects of a bolus injection of [Asn’,Val’, Asn®]-Ang I' on the cardiovascular

variables® of intact control and lisinopril-treated spiny dogfish, Squalus acanthias.

Treatment N Pea Rs 0

(cm H,0) (cm H,OmI" min" kg")  (ml min™ kg™)

Control 6
Basal values 24.741.1 1.0+0.1 28.143.3
Post-injection 20 5+1.8% 1.30.2* 25.12.0+
Change from basal 4.8+0.7 0.3+0.1 -3.0+0.8
Lisinopril 6
Basal values 23.941.5 1.0£0.1 257425
Post-injection 25.5+1.4 1L120.1 257426
Change from basal 1.740 9% 0.1:£0.0% 0.040.5%

1 — The angiotensin injection contained 1000 pmol kg™ body wt [Asn', Val®, Asn®]-angiotensin I.
Values are mean+ 1 SEM.

* Significantly different from basal value for a given treatment. # Significantly different from the
change from basal value of the control treatment (P<0.05).

2 — Ppa, mean caudal artery pressure; Rs, systemic resistance; Q, cardiac output.
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Figure 6.5 Effects of an intravenous injection of the o-adrenoceptor antagonist, yohimbine (A-E;
4 mg kg™) followed by an intravenous injection of the smooth muscle relaxant, papaverine (F-J;
10 mg kg™) on (A & F) mean caudal artery pressure (Pca, cm Hy0), (B & G) systemic vascular
resistance (Rs, cm H;0 mI™ min™ kg™), (C & H) cardiac output (Q, ml min™ kg), (D & ) plasma
catecholamines (nM), and (E & J) plasma [Asn’, Pro®, Tle’]-Ang IT (pM) in Pacific spiny dogfish,
Squalus acanthias (N=6). The time during which yohimbine was injected is shown by a gray box
in graphs A, B, and C. The time during which papaverine was injected is shown by a gray box in
graphs F, G, and H. An asterisk denotes a significant difference from the control value
immediately preceding the papaverine injection (10-min) for a given parameter. 1 denotes a
significant difference from the corresponding value in the papaverine treatment (Fig. 6.3) for a
given parameter. # denotes a significant difference from the control value immediately preceding

the yohimbine injection (5-min) for a given parameter (P<0.05). Values are means+ 1 SEM.
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The overall relationship between plasma [Asn', Pro’, Ie*-Ang II and plasma
catecholamine (adrenaline + noradrenaline) concentrations at each sampling time in the
papaverine, lisinopril + papaverine, and yohimbine + papaverine treatments is shown in figure 6.6.
This relationship (*= 0.61) is significant (P<0.001), and can be described by the following linear
equation: [catecholamines] = 0.047[Ang II] + 34.57, where [catecholamines] is in nM and [{Ang

] is in pM.

Discussion

The present study demonstrates that the cardiovascular effects of homologous Ang II in
the spiny dogfish, Squalus acanthias, are mediated entirely by catecholamines. In addition, we
have simultaneously assessed, for the first time, plasma Ang II, plasma catecholamines and
cardiovascular parameters during normotensive and hypotensive conditions. This approach has
provided evidence that catecholamines play a tonic role in the regulation of the systemic vascular
resistance in elasmobranchs, and that the renin-angiotensin system can indirectly contribute to the
humoral adrenergic system during hypotensive conditions.
The effects of exogenous dfAng II on cardiovascular Junction and plasma catecholamine levels

In support of previous observations using a variety of heterologous Ang I and Ang II
peptides (Opdyke and Holcombe 1976; Khosla ef al. 1983), we found no evidence that
physiological doses of homologous dfAng II can directly affect the primary contributors to blood
pressure regulation, Rs and Q. In fact, the dose-dependent dfAng H-elicited pressor response
appears to be mediated by an increase in Rg that can be ascribed to a dose-dependent increase in
humoral catecholamines. o-adrenoceptor blockade, in addition to eliminating the vasopressor

effects of exogenous dfAng II, was characterized by a drop in Rs despite a five-fold increase in
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Figure 6.6 Correlation between plasma [Asn’, Pro®, Ile*}-Ang II and total plasma catecholamines
in Pacific spiny dogfish, Squalus acanthias, before and after receiving an intravenous injection of
either papaverine alone (filled square), an injection of lisinopril followed by papaverine (unfilled
circle), or an injection of yohimbine followed by papaverine (unfilled triangle). Linear regression
relationship (* = 0.61) and its 95% confidence interval are indicated by the solid and dotted lines,

respectively.
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plasma Ang II concentrations. Hence in S. acanthias, independent of dosage or amino acid
sequence, the cardiovascular effects of exogenous Ang I are mediated indirectly via a stimulation
of catecholamine release and their subsequent interaction with the a-adrenoceptors of the
vasculature.

These resuits are in sharp contrast with the direct and adrenergically-independent dfAng
D-induced pressor response observed in S. canicula (Tierney ef al. 1997). Although the amino
acid sequence of dogfish angiotensin is unique (Takei et al. 1993), differences between the
sequence of homologous and heterologous angiotensins cannot account for the discrepant results
obtained in S. canicula (Tierney e al. 1997) versus S. acanthias (Opdyke and Holcombe 1976;
Khosla ez al. 1983).  Similarly, Ang I dosage differences cannot explain the different mode of
action of Ang Il in S. canicula and S. acanthias. Although the original studies in S. acanthias
used supraphysiological doses of Ang IT (Opdyke and Holcombe 1976; Khosla ef al. 1983), in the
present study we used physiological doses similar to those used by Tierney et al. (1997) in S.
canicula. Hence, differences in the mode of action of Ang IT in S. acanthias and S. canicula may
reflect true species differences. For example, whereas blood pressure recovered within 15
minutes after an injection of phentolamine in S. camicula (Tierney et al. 1997), Pca and Rs
remained depressed for hours in yohimbine-treated S. acanthias despite an increase in plasma Ang
IT. Further investigations into the pharmacology of a-adrenoceptors, and experiments aimed at
determining the presence or absence of functional vascular Ang II receptors in both species, may
help to resolve whether Ang IT has a single or dual mode of action in elasmobranchs.

Although the failure of heterologous Ang II to directly constrict blood vessels in S.
acanthias has previously been interpreted as evidence that Ang II vascular receptors are absent in

dogfish (Opdyke and Hoicombe 1978; Carroll 198 1), there is recent evidence to the contrary
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(Hamano ez al. 1998). Whereas a dose of 780 000 pM of teleost Ang II failed to constrict
isolated rings from the coeliac artery in S. acanthias (Carroll 1981), a dose of 100 000 pM of
dfAng I elicited a-adrenoceptor-independent vasopressor activity on the same vessel in T, scyllia
(Hamano ef al. 1998). Given the known differences in the vasopressor activity of homologous
versus heterologous Ang II in dogfish (Takei ef al. 1993; see also below), these results suggest
that the failure of previous experiments to demonstrate Ang II vascular receptor in S. acanthias
may be explained by their selection of peptide dosage. While the results of Hamano ef al. (1998)
provide evidence for functional Ang II vascular receptors in large arteries of dogfish, our results
do not provide any physiological evidence for the involvement of Ang II receptors in the
resistance vessels of S. acanthias.

Although homologous and heterologous angiotensins appear to have the same indirect
cardiovascular effects in S. acamthias, the important amino acid sequence differences between
these peptides (Takei ef al. 1993) are responsible for differences in their vasopressor activity. As
previously observed in Triakis scyllia with dfAng I (Takei ef al. 1993), homologous dfAng IT had
a much greater vasopressor activity than heterologous Ang II in S. acanthias (Opdyke and
Holcombe 1976; Khosla et al. 1983). Conversely, the dose-response relationship for the
vasopressor effects of dfAng I'in T. scyllia (Takei et al. 1993), dfAng I in S, canicula (Tierney et
al. 1997) and dfAng Il in S. acanthias are remarkably similar.

In contrast to the equal potency of teleost, tetrapod, and mammalian Ang IT agonists in
stimulating catecholamine release in rainbow trout (Bernier and Perry 1997), it appears that the
specific amino acid sequence of the Ang II injected in dogfish may impact on its ability to elicit
catecholamine release. In elasmobranchs, the catecholamine contents of the most important site

of catecholamine storage, the axillary bodies, are composed of approximately 80% noradrenaline
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and 20% adrenaline (Abrahamsson 1979). Moreover, storage granules of both catecholamines
have been identified and these appear in separate cells (Coupland 1971). In S. acanthias, since
Ang II elicits catecholamine release in the presence of the ganglionic blocker hexamethonium, the
stimulatory effects of Ang II on the chromaffin tissue are thought to be direct (Opdyke and
Holcombe 1976). However, while Opdyke et al. (1981b) reported a preferential increase in
plasma noradrenaline over adrenaline in response to supraphysiological doses of heterologous
Ang IT (4800 pmol kg™), opposite effects were obtained with physiological doses (30-1200 pmol
kg™) of homologous dfAng IT in this study. Given the differential haemodynamic responses to
adrenaline and noradrenaline in S. acamthias (Capra and Satchell 1977b), the preferential
stimulation of adrenaline by homologous Ang II may be relevant to the role of the RAS in
cardiovascular control (i.e. elevation of blood pressure and blood volume). For example, in
dogfish, adrenaline is a more potent vasopressor than noradrenaline whereas the latter is a more
potent vasodilator (Capra and Satchell 1977b). The preferential increase in plasma adrenaline
over noradrenaline with dfAng IT in S. acanthias is similar to the stimulatory effects of
homologous Ang II in teleosts (Carroll and Opdyke 1982; Bernier and Perry 1997, 1999) and in
mammals (Butler ez al. 1994).
Series 2: the efffects of hypotension on circulating Ang II and catecholamine concentrations

The transient hypotensive effects of papaverine in S. acanthias concur with the previously
observed effects of this smooth muscle relaxant in S. camicula (Hazon ef al. 1989) and in a
number of teleost species (Nishimura ez al. 1979; Tierney et al. 1995b; Bemier et al. 1999b). The
significant and prolonged increases in plasma Ang II concentration following this hypotensive
stress provide the first direct evidence that papaverine treatment truly stimulates the RAS in

elasmobranchs. These results also corroborate the preliminary observations of Galli and Kiang
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(1990) showing that a 30% haemorrhage can increase immunoreactive [Val’]-Ang II in the nurse
shark, Ginglymostoma cirratum. Because blockade of the RAS exacerbates and prolongs the
hypotensive effects of papaverine in S. acanthias, as in S. canicula (Hazon et al. 1989), the
papaverine-elicited increase in plasma Ang IT must play an important role in cardiovascular
control during a hypotensive stress. On the other hand, since various ACE inhibitors either have
no cardiovascular effect (Opdyke and Holcombe 1976; Hazon et al. 1989) or only a small and
brief hypotensive effect (this study), the RAS does not appear to be involved in the cardiovascular
control of elasmobranchs during normotensive conditions. In contrast, the RAS plays a tonic
anti-depressor role in teleosts and ACE blockade chronically reduces blood pressure (Olson 1992;
Tierney ez al. 1995b; Bernier et al. 1999b). Furthermore, while lisinopril treatment has no effect
on circulating catecholamines in S. acanthias, it is associated with a significant decrease in the
basal circulating concentration of adrenaline in Oncorhynchus mykiss (Bernier et al. 1999b).
Because the humoral adrenergic system appears té be an essential intermediate for the
involvement of Ang IT in cardiovascular control (see Series I, Opdyke and Holcombe 1976;
Khosla et al. 1983), the cardiovascular effects of the RAS in hypotensive S. acanthias are likely
mediated through an increase in plasma catecholamines. Prior to this study, however, the effects
of a hypotensive stress on plasma catecholamine levels in elasmobranchs had not been assessed.
The significant correlation between plasma Ang II and catecholamine concentrations following the
different papaverine treatments suggests that the RAS may play a central role in controlling the
recruitment of the adrenergic system in response to hypotension. However, although lisinopril
completely blocked the papaverine-elicited increase in plasma Ang II, ACE blockade was
associated only with a partial reduction of the overall increase in plasma catecholamines following

the hypotensive treatment. Hence, while a portion of the increase in plasma catecholamines may
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be attributed to an elevation in plasma Ang II, other secretagogues may also be involved in
stimulating catecholamine release during a hypotensive stress in dogfish. The presence of
cholinergic and non-cholinergic neuronal pathways innervating the chromaffin cells of the axillary
bodies (Abrahamsson 1979; Opdyke er al. 1983; Reid ef al. 1995) offers a variety of potential
mechanisms for the control of catecholamine release in response to stress. Because treatment of
dogfish with the ganglionic blocker hexamethonium results in a significant reduction in blood
pressure, it appears likely that at least part of the vasomotor tone provided by circulating
catecholamines is controlled by cholinergic neuronal activity (Holcombe ef al. 1980). Also, in
addition to Ang II, potassium (Opdyke ef al. 1983), urotensin II (Conlon ef al. 1996c), and C-
type natriuretic peptides (CNP; McKendry et al. 1999) are other non-cholinergic secretagogues
that have been shown to stimulate catecholamine release in elasmobranchs. While some of these
catecholamine secretagogues may also be involved in cardiovascular regulation (Conlon ef al.
1996¢; McKendry et al. 1999), their specific involvement during a hypotensive stress remains to
be ascertained.

In elasmobranchs, the location of the axillary bodies, in the venous blood immediately
behind the heart (Abrahamsson 1979), has often been associated with their potential to act as a
source of adrenergic cardiac control (for references, see Morris and Nilsson 1994). Although the
cardiac responses to catecholamine injections are variable (Capra and Satchell 1977b; Morris and
Nilsson 1994), catecholamines generally elicit B-adrenoceptor-mediated positive inotropic and
chronotropic effects on the isolated heart of S, acanthias (Capra and Satchell 1977a). In this
study, however, despite the elevated circulating catecholamine levels associated with a variety of
treatments, we did not observe any stimulatory effects i vivo on the heart of S. acanthias. While

the potential stimulatory effects of the dfAng H-elicited increase in plasma catecholamines might
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have been masked by vasopressor-mediated reflexive (Lutz and Wyman 1932) or passive
inhibition of the heart, the Ang II-elicited increase in plasma catecholamines in the yohimbine-
treated dogfish was also without any cardiac effect. By itself, Ang II does not affect the
contractility of the isolated dogfish heart (Opdyke ef al. 1982). Furthermore, the significant
increases in plasma catecholamines elicited by either yohimbine or papaverine treatment were not
associated with any change in either fi; or V5. In fact, in the combined yohimbine + papaverine
treatment, although the post-papaverine circulating concentration of plasma adrenaline reached
almost 200 nM, ¥; and Q decreased significantly in parallel with the drops in Rs and Pca.
Presumably, this reduction in Vs results from a decrease in venous return. In rainbow trout, in
contrast, either o-adrenoceptor blockade or the imposition of hypotensive stressors is
characterised by a significant increase in QO (Bemier ef al. 1999b). Hence, in dogfish, while
circulating catecholamines may be important in maintaining resting cardiac activity (Short ez al.
1977), they do not appear to be involved in increasing O either at rest or following a hypotensive
stress. On the other hand, the marked vasodepressor actions of yohimbine and phentolamine
(Opdyke et al. 1972; Holcombe ez al. 1980) in normotensive S. acanthias suggest that circulating
catecholamines are an important mediator in the control of basal systemic vascular resistance.

In our ongoing attempt to understand the importance of, and the mechanisms that
characterize, the interaction between the RAS and the adrenergic system in the cardiovascular
control of fishes, this study provides direct evidence that both systems are essential to
cardiovascular homeostasis in hypotensive elasmobranchs. Although the RAS does not appear to
be involved in the minute-to-minute regulation of resting blood pressure, the circulating
concentrations of plasma Ang II increase in proportion to the intensity of hypotension. However,

in S. acanthias, irrespective of whether the increase in plasma Ang II has an endogenous or
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exogenous origin, the cardiovascular effects of homologous Ang II are mediated indirectly
through an interaction with the adrenergic system. A strong correlation between the circulating
concentrations of plasma Ang IT and catecholamines suggests that the nature of this interaction
primarily involves the humoral component of the adrenergic system. Plasma catecholamines, in
addition to their tonic role in maintaining basal cardiac activity and vascular resistance, can be
recruited by Ang IT and other secretagogues during a hypotensive stress and play a key role in the
regulation of systemic vascular resistance. On the other hand, the ability of plasma

catecholamines to enhance cardiac activity in dogfish appears to be limited.
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CHAPTER 7.

Control of Catecholamine and Serotonin Release from the

Chromaffin Tissue of the Atlantic Hagfish
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Abstract

An in situ saline-perfused systemic heart / posterior cardinal vein preparation of the
Atlantic hagfish (Mjxine glutinosa) was used to assess (1) the ability of the chromaffin tissue to
release catecholamines in response to adrenocorticotropic hormone (ACTH; 7.5 Ukg™), serotonin
(250 nmotkg™), carbachol (100 pmolkg™), [ASN'-VAL’Jangiotensin II (Ang II; 100 nmolkg™),
histamine (0.3 - 300 pymol1"), and a high [K"] saline (60 mmol1™), (2) whether serotonin is co-
released with the catecholamines of the chromaffin tissues, and (3) the potential modulatory
effects of NECA, an adenosine receptor agonist, and DPSPX, an adenosine receptor antagonist,
on catecholamine release.

Bolus injections of either ACTH, serotonin, or carbachol, or perfusion with the high [K']
saline, all elicited the release of both adrenaline and noradrenaline. Pre-treatment with the
serotonergic receptor antagonist methysergide, or the ganglionic receptor blocker
hexamethonium, abolished the serotonin- and carbachol-mediated catecholamine releases,
respectively. Neither receptor antagonist affected the ACTH-mediated catecholamine release.
Bolus injections of Ang II, or perfusion with a range of histamine concentrations, two potent
secretagogues in other vertebrates, did not elicit catecholamine secretion in hagfish.

While injections of Ang II or perfusion with the high [K'] saline both elicited the release of
serotonin, treatments with either ACTH, carbachol, or histamine did not. Hence, co-release of
catecholamines and serotonin was elicited by non-specific cell membrane depolarization using K,
but not by the specific secretagogues assessed in this study.

The adenosine receptor agonist, NECA, and antagonist, DPSPX, significantly modified

the secretory responses elicited by ACTH, serotonin, and carbachol. The results suggest that
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adenosine may inhibit catecholamine release induced by serotonin or carbachol, while stimulating
ACTH-induced release.

Although the contribution of the different secretagogues identified in this study has yet to
be explored in vivo, our results suggest that the control of catecholamine and serotonin release
from the aneural chromaffin tissue of the Atlantic hagfish can be achieved through hormonal and /

Or paracrine means.

Introduction

In response to an acute physiological challenge, vertebrates release the catecholamine
stress hormones adrenaline and noradrenaline (Axelrod and Reisine 1984; Randall and Perry
1992) into the circulation. The primary control mechanism of catecholamine release in most
vertebrates is through pre-ganglionic sympathetic fibers (Randall and Perry 1992; Edwards and
Jones 1993). A notable exception to this general pattern is found in hagfish. The principle
catecholamine storing tissue of hagfish, the chromaffin cells of the systemic heart, are not
innervated (Green 1902; Augustinsson er al. 1956). So, in principle, the control of
catecholamine secretion in these primitive vertebrates should be entirely through non-cholinergic
mechanisms. -

Hagfish store large quantities of catecholamines in their systemic and portal hearts, and
posterior cardinal vein (Ostlund 1954; Augustinsson ez al. 1956; Ostlund ef al. 1960; Euler and
Fange 1961; Perry et al. 1993). The morphology and pharmacology of these catecholamine-
storing cells are similar to the chromaffin cells of the mammalian adrenal medulla (Ostlund et al.
1960; Bloom et al. 1961). The chromaffin cells of hagfish also contain the key enzymes of

catecholamine biosynthesis (Jonsson 1983; Reid ez al. 1995). Despite these homologies with the
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chromaffin cells of other vertebrates, recent efforts investigating possible in vivo mechanisms of
catecholamine release in hagfish, were unable to identify specific secretagogues (Perry ef al.
1993).

Previous studies have shown that catecholamines are released during severe hypoxia in
hagfish (Perry et al. 1993; Bernier ef al. 1996). However, perfusion of in situ preparations with
anoxic or acidic saline failed to elicit catecholamine release (Perry ef al. 1993). Similarly, in situ
elevation of plasma K" concentration within the physiological range also failed to stimulate
catecholamine secretion (Perry ef al. 1993). Although the endogenous catecholamines of the
hagfish hearts may be important for the regulation of cardiac function (Bloom ef al. 1961;
Axelsson et al. 1990; Johnsson et al. 1996), and studies have shown that regulation of the heart is
sensitive to the increase in blood pressure observed during hypoxia (Jensen 1961; Axelsson ez ai.
1990; Forster ef al. 1992), catecholamine secretion appears to be insensitive to changes in
perfusion pressure (Perry ef al, 1993). Carbachol, a general cholinergic receptor agonist, has
been shown to stimulate catecholamine secretion. However, because there is no evidence that the
chromaffin cells are innervated, this is not likely to be an important mechanism in vivo (Perry et
al. 1993).

Several other lines of evidence suggest the involvement of hormones and neuromodulators
in catecholamine secretion in hagfish. Injections of Atlantic cod (Gadus morhua) pituitary
extracts elicited a marked release of catecholamines from in situ preparations of Myxine glutinosa
(Perry et al. 1993). There is immunohistochemical evidence that the systemic and portal hearts of
hagfish contain serotonin (Reid et al. 1995), a secretagogue of catecholamine release in rainbow
trout (Fritsche er al. 1993). Histamine, a potent secretagogue in mammals (Burgoyne 1991), is

also stored in the hagfish hearts (Augustinsson ef al. 1956). Indirect evidence suggests that
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angiotensin II (Ang IT), a secretagogue throughout vertebrates, may stimulate catecholamine
secretion in Myxine glutinosa (Carroll and Opdyke 1982). Finally, in vivo treatment of hypoxic
Eptatretus stouti with the adenosine receptor antagonist, theophylline, elicited a marked increase
in the circulating concentration of plasma adrenaline (Bemier ef al. 1996). Thus, results from
these various studies suggest that adrenocorticotropic hormone (ACTH), serotonin, Ang II,
histamine, and adenosine, may be involved in the control of catecholamine release in hagfish.

The goals of this study, therefore, were to a) determine if any of the potential
secretagogues listed above do indeed stimulate catecholamine release in Myxine glutinosa, b)
assess whether serotonin is co-released with the catecholamines of the chromaffin tissues, and c)

investigate the potential modulatory effects of adenosine on catecholamine release.

Materials and methods

Experimental animals

Atlantic hagfish (Myxine glutinosa) weighing between 26 and 72 g (mean mass = 40.6 +
1.4 g; experimental N =. 65) were obtained from Huntsman Marine Science Centre (St. Andrews,
New Brunswick). They were maintained indoors in a large fiberglass tank supplied with
recirculated artificial sea water (temperature 5-6°C). The salinity of the water was kept between
27 and 29 %o by replacing a portion of the recirculated water as required. The tank was kept
covered and the animals were not fed throughout the holding period (from July to November).
In situ experiments

To assess the ability of the chromaffin tissue to release catecholamines in response to
potential secretagogues, the in situ saline-perfused systemic heart / posterior cardinal vein (PCV)

preparation of Perry et al. (1993) was used with the following modifications. Hagfish were
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anaesthetized for 30 min in a solution of 2.5 gI" MS222 (tricaine methanesulphonate) in sea
water. The PCV (inflow vessel) and the ventral aorta (outflow vessel) were cannulated with
polyethylene (PE 60) tubing stretched to fit the vessels. The cannulated hagfish were immersed
in a bath of sea water without anaesthetic and perfused with aerated hagfish saline (pH 8.1;
Axelsson ef al. 1990). The sea water bath and the saline were placed on ice and kept cool (6-
8°C) throughout the perfusions. In all experiments, the in situ preparations were perfused for 20
min prior to sample collection. After this stabilization period, two pre-treatment samples were
taken at one minute intervals. The perfusion saline was then altered in accordance with the
treatments described below over a period of one min, and seven post-treatment samples were
collected 1, 2, 3, 4, 5, 7.5, and 10 min after the intervention. All samples were collected in pre-
weighed 1.5 ml microcentrifuge tubes over a period of 50 sec and immediately frozen in liquid N,.
The frozen samples were weighed and stored at -80°C until analysis of catecholamine content
(within 7 days). In series 1, 2, and 3 (see below), each sample also was analyzed for serotonin
content.
Series 1: The effects of hagfish saline on catecholamine and serotonin release

Hagfish were given a bolus injection (300 pl) of hagfish saline after the stabilization
period, and the response was monitored (N = 6). The total perfusion period of each preparation
was 30 min.
Series 2: The effects of ACTH, serotonin, Ang II, carbachol, and elevated [K'] on catecholamine
and serotonin release

After the 20 min stabilization period and collection of the two pre-treatment samples, a
bolus injection (300 wl) of either: a) 7.5 Ukg™ of porcine adrenocorticotropic hormone (ACTH

135, Sigma Chemicals, Cat. # A-6303), b) 250 nmolkg” of serotonin oxalate salt (Sigma
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Chemicals, Cat. # H-7877), c) 100 nmolkg™ of [ASN'-VAL *Jangiotensin II (Sigma Chemicals,
Cat. # A-6402), d) 100 umolkg’ of the cholinergic receptor agonist carbachol (Research
Biochemicals International, Cat. # C-107) was administered to the preparation via a valve in the
inflow catheter and the post-treatment samples were collected. All drugs were prepared daily in
hagfish saline. After collecting the post-treatment samples from the first drug injection, the
preparation was perfused for a second stabilization period of 20 min. After this time, two new
pre-treatment samples were collected, a second drug was administered and the response
monitored. Using this protocol, the 4 drugs were randomly tested on each of 10 hagfish. This
experimental protocol was chosen to minimize the number of animals, Once the responses of the
4 drugs were assessed, the preparation was perfused for a fifth and final 20 min stabilization
period. Once the two pre-treatment samples were collected, the perfisate reservoir was switched
to a hagfish saline containing 60 mmol1* KCl. This protocol is known to provoke a non-specific
depolarization of the chromaffin cells and a marked release of catecholamines (Perry ez al. 1993).
Therefore, it was used to assess the viability of the preparations. Overall, the total perfusion
period of each preparation was 150 min.
Series 3: The effects of histamine on the release of catecholamines and serotonin

After the 20 min stabilization period and collection of the two pre-treatment samples, the
perfusate reservoir was switched to a hagfish saline containing a [histamine] of 0.3 pumoll? and
perfused for 10 min. Once the post-treatment samples were collected and a new stabilization
period had elapsed, this procedure was repeated three more times with saline solutions containing
histamine concentrations of 3, 30, and 300 umolT! (N=4). Overall, the total perfusion period of
each preparation was 120 min. In 4 other hagfish, after the stabilization period, the preparations

were perfused with a hagfish saline containing a single [histamine] of 300 pmol ™.



204

Series 4: The efffects of methysergide on catecholamine release

The stimulatory effects of serotonin and ACTH on catecholamine release were assessed
with the serotonergic receptor antagonist, methysergide (methysergide maleate, RBI Cat. # M-
137), added to the perfusion saline (final concentration = 10 moll™). After the 20 min
stabilization period and the collection of the pre-treatment sampies, a bolus dose of serotonin (250
nmolkg™) was injected into the infusion cannula. After sampling and re-stabilization, pre-
treatment samples were taken and a bolus injection of ACTH (7.5 Ukg™) was administered.
Overall the total perfusion period of each of these preparation was 60 min (N = 8).
Series 5: The effects of hexamethonium on catecholamine release

The stimulatory effects of carbachol and ACTH on catecholamine release were assessed
with the cholinergic antagonist, hexamethonium (hexamethonium dichloride, RBI Cat. # H-132),
added to the perfusion saline (final concentration = 10 molT™). The protocol used in this series
was identical to the one described for series 4. In each preparation, the effects of carbachol (100
umolkg™) were assessed first, and then after a second period of stabilization, the effects of ACTH
(7.5 Ukg™) were assessed N=23).
Series 6: Assessing the modulatory effects of NECA on catecholamine release

The stimulatory effects of ACTH, serotonin, and carbachol on catecholamine release were
assessed with the adenosine receptor agonist, NECA (5°-(N-ethylcarboxamido) adenosine, RBI
Cat. # A-104), added to the perfusion saline (20 mgl™). NECA is a potent adenosine receptor
agonist with nearly equal affinity at A; and A, receptors (Bruns ez al. 1986). Using the protocol
and the dosages described in series 2, ACTH, serotonin, and carbachol were sequentially and
randomly tested on each hagfish (¥ = 10). Overall, the total perfusion period of each of these

preparation was 90 min.
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Series 7: Assessing the modulatory effects of DPSPX on catecholamine release

The stimulatory effects of ACTH, serotonin, and carbachol on catecholamine release were
assessed with the adenosine receptor antagonist, DPSPX (1,3-dipropyl-8-p-sulfophenylxanthine,
RBI Cat. # A-022), added to the perfusion saline (20 mgl™®). DPSPX is a potent adenosine
receptor antagonist with slight selectivity for A; over A, receptors (Daly ef al. 1985). The
experimental conditions of this series were similar to series 6 @=15).
Anabytical procedures

Perfusate adrenaline (Adr) and noradrenaline (Nor) levels were determined on alumina-
extracted saline samples (200 pl) using high performance liquid chromatography (HPLC) with
electrochemical detection (Woodward 1982). The HPLC incorporates a Varian Star 9012 solvent
delivery system (Varian Chromatography Systems, Walmut Creek, CA) coupled to a Princeton Applied
Research 400 electrochemical detector (EG & G Instruments Corporation. Princeton, NJ). The
extracted samples were passed through an Ultratechsphere  ODS-C18-5um column (HPLC
Technology LTD), using a catecholamine and metanephrine mobile phase (Chromsystems, Mumnich,
Germany). The separated .amixm were integrated with the Star Chromatography software program
(version 4.0, Varian). Concentrations were calculated relative to appropriate standards, and with 3, 4-
dihydroxybenzylalamine hydrobromide (DHBA) as an internal standard in all determinations.

Perfusate serotonin levels were determined on 100 pl aliquots of non-extracted saline
using the same HPLC system and column as above, and with a Cat-A-Phase II mobile phase
(Scientific Products & Equipment, Concord, Canada). Calculations of concentrations were based

on a linear standard curve, with a detection limit of 1 nmol1™.
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Statistical analyses

All data are presented as mean * one standard error. The statistical significance of
observed effects of a given drug injection within a group were tested by one-way repeated
measures ANOVA. Dunnett’s test was used to compare the second pre-treatment sample mean
(the pre-treatment sample taken immediately before alterations to the perfusion saline) with values
at subsequent and previous times. For a given drug, a paired t-test was used to compare the
second pre-treatment sample mean (pre-treatment secretion) with the mean of the maximum post-
treatment sample values (maximum secretion). The statistical significance of observed differences
between the means of several treatments were tested by one-way ANOVA. The significance level

for all statistical tests was P < 0.0S.

Results

Series 1: The effects of hagfish saline on catecholamine and serotonin release

Bolus injections of saline did not significantly affect the basal secretion of either
noradrenaline or adrenaline (Fig. 7.1). Baseline serotonin secretion was also unaffected by
hagfish saline injections.
Series 2: The effects of ACTH, serotonin, Ang II, carbachol, and elevated [K* ] on catecholamine
and serotonin release

Bolus injections of either ACTH, serotonin, or carbachol resulted in a significant release of
both Nor and Adr (Figs. 7.1, 7.2). Although the mean adrenaline secretion rate did not
significantly increase in response to serotonin and carbachol injections (Figs. 7.2F, 7.2G), the

maximum adrenaline secretion rate did (Fig. 7.1B). This is because the maximum secretion rate
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Figure 7.1 (A) Noradrenaline and (B) adrenaline secretion rates of iz situ preparations of Atlantic
hagfish injected with either physiological saline (control conditions, N = 6), 7.5 Ukg™ of porcine
ACTH (V = 10), or 250 nmolkg™ of serotonin (N = 10), or 100 umolkg™ of carbachol (W = 10),
or 100 nmolkg™ of [ASN'-VAL’]Ang I (V = 10), or exposed to saline solutions containing either
a [histamine] of 300 pmol1* (W = 8), or a [K'] of 60 mmol I’ (N =10). The open bars indicate
the catecholamine secretion rates prior to the treatments listed above. The solid bars indicate the
maximum catecholamine secretion rates in response to those treatments. An asterisk denotes a
significant difference between the pre-treatment value and the maximum secretion rate for a given

treatment (P < 0.05). Values are means + 1 SEM.
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Figure 7.2 Noradrenaline (A-D) and adrenaline (E-H) secretion rates of in situ preparations of
Atlantic hagfish injected with either ACTH, or serotonin, or carbachol, or exposed to a saline
solution containing a high [K']. Values to the left of the hatched bar in each plot are the pre-
treatment catecholamine secretion rates and values to the right are the secretion rates in response
to the treatments listed above. An asterisk denotes a significant difference from the time -1
control value for a given treatment (P < 0.05). Values are means = 1 SEM. For further details on

the treatments and the N values see the legend of Fig. 7.1.
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values account for temporal differences in the release process between preparations, whereas the
mean secretion rate values do not. Ang IT injections did not significantly affect the secretion rate
of either noradrenaline or adrenaline (Fig. 7.1).

Comparison of the results obtained from the random administration of the four potential
secretagogues on each in situ preparation shows that these results are independent from the order
in which these compounds were given. Also, perfusing the in situ systemic heart / PCV
preparations with the high [K'] saline stimulated the release of both catecholamines (Figs. 7.1,
7.2), and therefore confirmed the viability of the preparations.

Noradrenaline was the predominant catecholamine released in all the treatments, either
before or after the injection of drugs, or the changes in the [K'] of the saline (Figs. 7.1, 7.2). The
perfusate noradrenaline/adrenaline secretion rate ratio decreased significantly from the basal ratio
in response to ACTH injections, increased in response to serotonin and carbachol injections, and
remained unchanged in response to Ang II, and high [K'] saline (Table 7.1).

The high [K'] saline perfusion treatment, and the addition of Ang II to the preparations,
both elicited an increase in the secretion rate of serotonin (Figs. 7.3A, 7.3B). ACTH or carbachol
treatment had no significant effects on the serotonin secretion rate (Figs. 7.3C, 7.3D). Only 16 %
of all the control samples had measurable amounts of serotonin. All the other control samples
were assigned the HPLC detection limit value of 1 nmol1™.

Series 3: The effects of histamine on catecholamine and serotonin release

Perfusing the in situ systemic heart / PCV preparations with a hagfish saline containing a
[histamine] of 0.3 - 300 umoll” did not stimulate catecholamine secretion above the basal
secretion rate (Fig. 7.1, only data for the 300 umol1™ treatment are shown). Noradrenaline was

the predominant catecholamine released in all the treatments, and the perfusate
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Table 7.1 The effects of ACTH, serotonin, carbachol, Ang II, histamine, and high [K'] saline on
the ratio of noradrenaline to adrenaline secretion rate from the hagfish (AMyxine glutinosa) in situ

systemic heart/posterior cardinal vein preparation

Treatment Basal Maximai
Nor/Adr secretion rate Nor/Adr secretion rate

ACTH (10) 421+£1.50 1.95 £0.74*
Serotonin (10) 5.74+2.52 12.03 £5.13*
Carbachol (10) 3.66£1.00 9.07 £2.58*
AngIT (10) 457+184 3.17+£1.09
Histamine (8) 8.20+3.06 6.90 £ 1.65
High [K] saline (10) 8.10+223 485+142

Values are the ratio of Nor to Adr secretion rate levels. The basal values are the samples taken
immediately before application of the treatment indicated. The maximal values are the maximum
secretion rates recorded after treatment application.

Means + 1 S EM.; N values are indicated in parentheses.

* indicates a significant difference from basal value (P < 0.05; paired #-test).

ACTH, adrenocorticotropic hormone; Ang II, [Asn'-Val’] angiotensin II; Nor, noradrenaline;

Adr, adrenaline.
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Figure 7.3 Perfusate serotonin secretion rate of in situ preparations of Atlantic hagfish injected
with either Ang IT (N = 6), or ACTH (NN =6), or carbachol (N =16), or exposed to saline solutions
containing either a high [K'] (¥ = 7), or histamine (N = 6). Values to the left of the hatched bar in
each plot are the pre-treatment serotonin secretion rates and values to the right are the secretion
rates in response to the treatments listed above. An asterisk denotes a significant difference from
the time -1 control value for a given treatment (P <0.05). Values are means + 1 SEM. For

further details see the legend of Fig. 7.1.
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noradrenaline/adrenaline secretion ratio remained unchanged in response to histamine perfusions
(Table 7.1). Histamine also did not affect the serotonin secretion rate of the preparations (Fig.
7.3E). In fact, although measurable average amounts of serotonin were detected in the saline of
hagfish injected with all the other potential secretagogues tested, the concentration of serotonin
was below the detection limit of HPLC in all the preparations perfused with histamine (Fig. 7.3).
Series 4: The effects of methysergide on catecholamine release

The presence of methysergide in the perfusion saline prevented the serotonin-induced
increase in noradrenaline and adrenaline secretion rate, and had no effect on the ACTH-induced
increase in both catecholamines (Figs. 7.4A, 7.4B).
Sertes 5: The effects of hexamethonium on catecholamine release

The presence of hexamethonium in the perfusion saline prevented the carbachol-induced
increase in catecholamine secretion, and had no effect on the ACTH-induced catecholamine
secretion (Figs. 7.5A, 7.5B).
Series 6 & 7: Assessing the modulatory effects of NECA and DPSPX on catecholamine release

While the presence of NECA in the perfision saline of the in situ preparations decreased
the serotonin- and carbachol-induced stimulation of noradrenaline secretion rate, the presence of
DPSPX had no effect (Figs. 7.6A, 7.7A). NECA also abolished the serotonin- and carbachol-
induced release of adrenaline, and relative to the effects of NECA, the addition of DPSPX to the
perfusion fluid resulted in a significant increase in the release of adrenaline (Figs. 7.6B, 7.7B).

The ACTH-induced increase in noradrenaline secretion rate was unchanged by the
presence of either the adenosine receptor agonist NECA, or the adenosine receptor antagonist
DPSPX in the perfusion saline (Fig. 7.8A). On the other hand, the ACTH-induced increase in

adrenaline secretion rate was increased by the presence of NECA in the perfusion saline, and
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Figure 7.4 Noradrenaline (A) and adrenaline (B) secretion rates of in situ preparations of Atlantic
hagfish injected with either 250 nmolkg™ of serotonin (N = 8), or 7.5 Ukg™ of porcine ACTH (N
= 8). The perfusate consisted of only saline in the groups represented by an open bar or by a
diagonal-hatch bar. Methysergide (10° moll), a serotonergic receptor antagonist, was added to
the saline in the groups represented by a solid bar or by a cross-hatch bar. The open or solid bars
also indicate the pre-treatment catecholamine secretion rates prior to the injections listed above.
The bars with a diagonal- or cross-hatch also indicate the maximum catecholamine secretion rates
in response to the injections. An asterisk denotes a significant difference between the control
value and the maximum secretion rate for a given treatment (P < 0.05). Values are means + 1

SEM.
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Figure 7.5 Noradrenaline (A) and adrenaline (B) secretion rates of in situ preparations of Atlantic
hagfish injected with either, 100 pmolkg™ of carbachol (V = 8), or 7.5 Ukg™ of porcine ACTH
(N = 8). The perfusate consisted of only saline in the groups represented by an open bar or by a
diagonal-hatch bar. Hexamethonium (10 moll™), a ganglionic receptor blocker, was added to
the saline in the groups represented by a solid bar or by a cross-hatch bar. The open or solid bars
also indicate the pre-treatment catecholamine secretion rates prior to the injections listed above.
The bars with a diagonal- or cross-hatch also indicate the maximum catecholamine secretion rates
in response to the injections. An asterisk denotes a significant difference between the control
value and the maximum secretion rate for a given treatment (P < 0.05). Values are means + 1

SEM
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Figure 7.6 Noradrenaline (A) and adrenaline (B) secretion rates of in situ preparations of Atlantic
hagfish injected with 250 nmol'kg™ of serotonin. The preparations were either perfused with
saline alone (Serotonin, N = 10), saline containing the adenosine receptor agonist, NECA
(Serotonin + NECA, N = 10), or saline containing the adenosine receptor antagonist, DPSPX
(Serotonin + DPSPX, N = 15). The open bars indicate the pre-treatment catecholamine secretion
rates prior to the injection of serotonin. The solid bars indicate the maximum catecholamine
secretion rates in response to the injections. The diagonal-hatch bars indicate the averaged
individual increase in catecholamine secretion rate in response to the injections. An asterisk
denotes a significant difference between the pre-treatment value and the maximum secretion rate
for a given treatment. Where letters are used to denote statistical differences, treatments which
do not share a common letter for a given bar type are significantly different from each other (P <

0.05). Values are means + 1 SEM.
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Figure 7.7 Noradrenaline (A) and adrenaline (B) secretion rates of in situ preparations of Atlantic
hagfish injected with 100 pumolkg™ of carbachol. The preparations were either perfused with
saline alone (Carbachol, N = 10), saline containing the adenosine receptor agonist, NECA
(Carbachol + NECA, N = 10), or saline containing the adenosine receptor antagonist, DPSPX
(Carbachol + DPSPX, N = 15). The open bars indicate the pre-treatment catecholamine secretion
rates prior to the injection of carbachol. The solid bars indicate the maximum catecholamine
secretion rates in response to the injections. The diagonal-hatch bars indicate the averaged
individual increase in catecholamine secretion rate in response to the injections. An asterisk
denotes a significant difference between the pre-treatment value and the maximum secretion rate
for a given treatment. P values of the paired t-test between the pre-treatment and the maximum
secretion rate are shown to emphasize differences between treatments. Where letters are used to
denote statistical differences, treatments which do not share a common letter for a given bar type

are significantly different from each other (P <0.05). Values are means + 1 SEM.
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Figure 7.8 Noradrenaline (A) and adrenaline (B) secretion rates of in situ preparations of Atlantic
hagfish injected with 7.5 Ukg™ of porcine ACTH. The preparations were either perfused with
saline alone (ACTH, N = 10), saline containing the adenosine receptor agonist, NECA (ACTH +
NECA, N = 10), or saline containing the adenosine receptor antagonist, DPSPX (ACTH +
DPSPX, N =15). The open bars indicate the pre-treatment catecholamine secretion rates prior to
the injection of ACTH. The solid bars indicate the maximum catecholamine secretion rates in
response to the injections. The diagonal-hatch bars indicate the averaged individual increase in
catecholamine secretion rate in response to the injections. An asterisk denotes a significant
difference between the pre-treatment value and the maximum secretion rate for a given treatment.
Where letters are used to denote statistical differences, treatments which do not share a common
letter for a given bar type are significantly different from each other (P <0.05). Values are means

+1 SEM.
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unchanged by the presence of DPSPX (Fig. 7.8B).
Overall, irrespective of the secretagogue used to elicit catecholamine secretion from the
chromaffin tissue, NECA and DPSPX had greater modulatory effects on the adrenaline secretion

rate than on the noradrenaline secretion rate.

Discussion

Secretagogues of catecholamine release

This study presents in sifu evidence that ACTH, serotonin, and carbachol can stimulate
catecholamine secretion in Myxine glutinosa. While ACTH and serotonin are known to stimulate
catecholamine secretion in a few vertebrates (Feniuk et al. 1980; Chaouloff ef al. 1992; Fritsche
et al. 1993; Reid et al. 1996), they are the first non-cholinergic secretagogues of catecholamine
release to be identified in hagfish. The stimulatory effects of carbachol reported in this study
confirm earlier observations of Perry ef al. (1993). Catecholamine secretion in response to
cholinergic receptor agonists (Burgoyne 1991; Reid and Perry 1994), and to perfusion with a
supra-physiological [K'] saline (Burgoyne 1991; Leboulenger ef al. 1993; Reid and Perry 1994),
are two properties that hagfish chromaffin cells appear to share with the chromaffin systems of
other vertebrates. In contrast, the failure of Ang II to elicit catecholamine secretion in the in situ
saline-perfused systemic heart / PCV preparation appears to be unique among vertebrates (Carroll
and Opdyke 1982). Histamine, a potent secretagogue in higher vertebrates (Burgoyne 1991), is
also without effect on catecholamine release in hagfish.
Adrenocorticotropic Hormone

Using a preparation of Myxine glutinosa similar to the one used in this study, Perry et al.

(1993) claimed that the most likely hormone responsible for catecholamine release in response to
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a pituitary extract of Gadus morhua was ACTH.  The stimulatory effects of ACTH on
catecholamine release observed in this study support this claim.

The possible involvement of ACTH in mediating an acute stress response in hagfish is also
supported by the ACTH-like activity of the pituitary gland of Myxine glutinosa (Buckingham et
al. 1985), and by morphological, pharmacological (Fernholm and Olsson 1969), and
immunohistochemical evidence (S.G. Reid, personal communication) for the presence of ACTH
secreting cells in the pituitary of Myxine glutinosa. However, other immunohistochemical
studies, also using antisera against mammalian ACTH in the adenohypophysis of hagfish, have
failed to obtain positive results in either Eptatretus burgeri (Jirkowski et al. 1984) or in
Eptatretus stouti (Nozaki 1985). Marked differences between the dose-response curves of
hagfish pituitary extracts and mammalian ACTH in a cytochemical bioassay (Buckingham ef al.
1985), and differences in the results obtained by the different immunohistochemical studies
discussed above, suggest that hagfish ACTH may be structurally distinct from mammalian ACTH.

The only other vertebrate where ACTH is known to stimulate catecholamine secretion is
the rainbow trout (Reid ef al. 1996). Similar to the results reported in this study, injections of
porcine ACTH elicited a significant secretion of both catecholamines in an in situ PCV
preparation of the trout (Reid ez al. 1996). However, while ACTH favors the secretion of
noradrenaline over adrenaline in hagfish, the opposite was observed in trout (Reid et al. 1996).
Moreover, injections of 40 or 200 mU of ACTH in vivo, as well as extracts of trout pituitary
given in situ, caused an elevation of plasma adrenaline, but failed to increase noradrenaline levels
in the trout (Reid er al. 1996). Although the noradrenaline to adrenaline storage ratio varies
considerably between the different sites of catecholamine storage in the hagfish (Augustinsson et

al. 1956; Ostlund et al. 1960; Perry et al. 1993), and it is not known if one or all of these sites
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release catecholamines in response to ACTH stimulation, differences in catecholamine storage
between the two species (Perry ef al. 1993; Reid and Perry 1994) may explain the differences in
the pattern of catecholamine release elicited by ACTH. Among the three secretagogues identified
in this study, ACTH elicited the largest secretion of adrenaline, and while carbachol and serotonin
injections increased the noradrenaline to adrenaline ratio in the perfusate, ACTH stimulation
decreased it.

In hagfish, as in trout (Reid er al 1996), the stimulatory effects of ACTH on
catecholamine release are unaffected by pre-treatment with the ganglionic blocker,
hexamethonium, or by the serotonergic receptor antagonist, methysergide. These results suggest
that ACTH is not exerting its effects by interacting with either serotonergic or cholinergic
receptors.

Serotonin

As originally hypothesized by Reid ez al. (1995), serotonin can directly elicit the release of
catecholamines from the chromaffin tissue of hagfish. This serotonin-induced release of
adrenaline and noradrenaline is abolished by the serotonergic receptor antagonist, methysergide.
These results suggest that the stimulatory effects of serotonin are specifically mediated by
serotonergic methysergide-sensitive receptors which are located on both adrenaline- and
noradrenaline-chromaffin cells.

The stimulatory effects of serotonin on catecholamine release have previously been
observed in rainbow trout (Fritsche ef al. 1993). The dosage injected in the in sifu hagfish
preparations, 250 nmolkg™, also elicit the secretion of catecholamines in rainbow trout, under
both in vivo and in situ conditions (Fritsche ef al. 1993). While serotonin primarily elicits the

secretion of noradrenaline in hagfish, the release of adrenaline appears to be favored in trout
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(Fritsche ef al. 1993). As with ACTH-elicited catecholamine secretion (see above), a likely
explanation for these differences may be the known differences in catecholamine storage between
the two species. For example, while the noradrenaline to adrenaline storage ratio of the PCV and
the systemic heart of Atlantic hagfish are approximately 26 and 1, respectively (Perry et al. 1993),
it is only 0.4 in the PCV of rainbow trout (Reid and Perry 1994). Results of experiments with
methysergide suggest that the presence of serotonergic receptors are only on the adrenaline-
chromaffin cells in rainbow trout, and that serotonin may also stimulate catecholamine release
indirectly via the activation of neural pathways (Fritsche et al. 1993).
Carbachol

Perry et al. (1993) demonstrated that bolus injections of the cholinergic receptor agonist,
carbachol, elicit dose-dependent increases in the release of catecholamines from the in sifu
systemic heart / PCV preparation of Myxine glutinosa. Results from this study confirm the
stimulatory effects of carbachol on catecholamine release, and show that the response can be
abolished by the cholinergic antagonist selective for nicotinic cholinoceptors of ganglia,
hexamethonium. Since carbachol is a non-specific cholinergic receptor agonist which stimulates
both nicotinic and muscarinic receptors, these results suggest that the secretion from adrenaline-
and noradrenaline-containing chromaffin cells of Myxine glutinosa is controlled exclusively by
nicotinic receptors. In general, although the two subtypes of cholinergic receptors can mediate
catecholamine secretion from chromaffin cells in vertebrates, their distribution is species-
dependent (Parker ef al. 1993). For example, while the control of catecholamine release in eels
(Anguilla rostrata; Reid and Perry 1994) and cod (Gadus morhua; Nilsson 1983) is mediated
only via nicotinic receptors, like the hagfish, the adrenaline-storing chromaffin cells of rainbow

trout also appear to have functional muscarinic receptors (Fritsche e al. 1993). Since there is no
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evidence that the chromaffin cells in hagfish are innervated (Green 1902; Augustinsson ef al.
1956), the presence of nicotinic receptors on these cells may only reflect their common
embryological origin as sympathetic neurons (Burgoyne 1991). However, although the
autonomic nervous system is poorly developed in hagfish (Campbell 1970; Nilsson 1983), the
possibility that the chromaffin tissues of the PCV are innervated can not be excluded, and it is
possible that the nicotinic receptors of the PCV chromaffin cells play a physiological role in vivo.
Angiotensin

Whereas angiotensins have been shown to stimulate the secretion of catecholamines from
elasmobranchs to mammals (Carroll and Opdyke 1982), [Asn!,Val’JAng II had no effect on the
secretion rate of noradrenaline and adrenaline in the in situ systemic heart / PCV preparation of
Myxine glutinosa. The impetus to investigate Ang II in this study arose from the observation that
the pressor activity of mammalian angiotensin II (Ang II) could be abolished by adrenergic
receptor blockade in hagfish (Carroll and Opdyke 1982). In light of these results, Carroll and
Opdyke (1982) concluded that the pressor response of Ang II in hagfish was mediated entirely by
catecholamines. However, although angiotensins elicit a pressor response in Myxine glutinosa
(Carroll and Opdyke 1982), and angiotensin-converting enzyme-like activity has been measured in
the liver and plasma of Eptatretus stouti (Lipke and Olson 1988), a complete renin-angiotensin
system has not yet been identified in hagfish (Taylor 1977; Nishimura 1985a). Differences
between the results obtained in this study and that of Carroll and Opdyke (1982) cannot be
explained by differences in Ang IT dosage. While Carroll and Opdyke (1982) used a dose of 1.91
nmolkg™” of mammalian AngII, this study used the much greater dose of 100 nmolkg™ of teleost
Ang II ([Asn',Val’JAng II), the dose which causes maximal catecholamine secretion from the

chromaffin tissue of rainbow trout (unpublished observation, N. Bernier and S. Perry).
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Differences in the amino acid sequence of the Ang II used in the two studies also are not likely to
explain the contradictory results, since among vertebrates diverse species respond to homologous
and non homologous angiotensins (Olson 1992; Silldorff and Stephens 1992b). One possible
explanation, is that the Ang II-induced pressor response observed in Myxine glutinosa by Carroll
and Opdyke (1982) was mediated through actions of Ang II on the sympathetic nerve system
(Wilson 1984a; Reid 1992). However, the adrenergic autonomic nerve fibers of the hagfish
vasculature appear to be poorly developed (Nilsson 1983). Thus, although Ang II exerts a
pressure response, there is no direct evidence for its’ role in catecholamine release in hagfish.
Histamine

Although histamine elicits a substantial secretory response from the mammalian adrenal
medulla and it is the most potent non-cholinergic secretagogue in bovine adrenal chromaffin cells
(Burgoyne 1991), histamine failed to stimulate catecholamine secretion in the in situ systemic
heart / PCV preparation of Myxine glutinosa. While there is chromatographic evidence that the
systemic and portal hearts of Myxine glutinosa contain histamine (Augustinsson ef al. 1956),
intravascular injections of histamine yield only weak and inconsistent effects on the systemic and
branchial vasculature, and are without effect on the activity of the heart in both Myxine glutinosa
and Polistotrema stouti (Reite 1969). However, since the effects of histamine on the branchial
blood vessels of Myxine glutinosa were similar to those obtained with adrenaline and
noradrenaline in the same preparation, Reite (1969) suggested that these may be elicited either by
direct stimulation of adrenergic receptors or indirectly by release of endogenously stored
catecholamines. Results obtained in this study do not support the latter hypothesis. Since
histamine elicits the release of catecholamines from in vitro perfused rat adrenals with an ECso of

3 umol1™ (Borges 1994), perfusing the in situ hagfish preparation with saline solutions containing
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histamine concentrations ranging from 0.3 to 300 pumoll” should have been sufficient to elicit
potential secretory activity from the chromaffin tissues.
Catecholamine release and the noradrenaline to adrenaline secretion ratios

The noradrenaline to adrenaline secretion ratios of Table 7.1 suggest that in hagfish, as in
other vertebrates (Accordi 1991; Chritton er al. 1991; Reid and Perry 1994), noradrenaline and
adrenaline are stored in different chromaffin cell types. While non-specific cell membrane
depolarization with constant high [K'] perfusion did not alter the basal noradrenaline to adrenaline
secretion ratio, injections of either ACTH, serotonin, or carbachol all had significant effects.
Relative to the control conditions, the significant decrease in the noradrenaline to adrenaline ratio
following ACTH injections suggest that ACTH-elicited secretion may arise primarily from
adrenaline-storing cells. Similarly, the significant increase in the noradrenaline to adrenaline ratio
following serotonin and carbachol injections suggest that catecholamine release elicited by these
secretagogues may arise primarily from noradrenaline-storing cells. Meanwhile, the high [K']
saline was non-selective.
Secretagogues of serotonin release

The presence of serotonin in the syster.pic heart of Myxine glutinosa, as suggested by the
immunohistochemical evidence of Reid et al (1995), is confirmed by the perfusion results
obtained in this study. Although serotonin was not detectable in most of the control in situ
preparations perfused only with hagfish saline, perfusing these same preparations with a high [K']
saline elicited a marked release of serotonin. While the effects of a high [K'] saline on chromaffin
cells are non-specific and do not involve the intervention of receptors (Burgoyne 1991), the
serotonin secretion elicited by teleost Ang II ([Asn',Val’]JAng II) in this study, like the Ang II-

mediated catecholamine secretion in mammals (Marley er al. 1989), is probably mediated via
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specific receptors. Since Ang II does not elicit catecholamine secretion in Myxine glutinosa, the
effects of Ang II appear to be specific to the control of serotonin release. Moreover, known
secretagogues of catecholamine release in hagfish, ACTH and carbachol, had no effect on the
[serotonin] of the perfusate. Hence, although non-specific depolarization of chromaffin cells
elicits the release of both catecholamines and serotonin, the secretagogues involved in the control
of catecholamine and serotonin secretion may be different. These results also suggest that the
serotonin-containing cells of the systemic heart may represent a different population of cells than
the catecholamine-containing chromaffin cells.

Immunohistochemical evidence for the presence of serotonin in chromaffin cells has also
been reported in several teleost species (Reid ef al. 1995), in amphibians (Delarue ef al. 1988), as
well as in mammals (Brownfield e al. 1985; Holzwarth and Brownfield 1985). In rainbow trout,
Fritsche et al. (1993) showed that serotonin is stored in high concentrations in the anterior region
of the PCV within the head kidney. As in hagfish, Reid ef al. (1995) have suggested that the
catecholamine-storing chromaffin cells and the serotonin-storing chromaffin cells of trout may
represent different populations. In contrast, the serotonin-containing cells present in the
chromaffin tissues of the eel (dnguilla anguilla) and the cod (Gadus morhua) appear to be
analogous to their catecholamine-storing cells (Reid ef al. 1995). While carbachol induces the
release of catecholamines in trout, it failed to elicit the release of the stored serotonin (Fritsche ef
al. 1993). Potential secretagogues of serotonin release in teleosts have yet to be identified.

Since the presence of angiotensins and a complete renin-angiotensin system has yet to be
established in hagfish (see above), the functional significance of the Ang I-elicited serotonin
release remains to be determined. Although our results suggest that serotonin (250 nmolkg™ in

300 pl of hagfish saline; estimated maximum concentration = 33.8 pmoll™) can elicit
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catecholamine release, the presence of a lower concentration of serotonin in the perfusate
following Ang II injections (maximum secretion = 24.7 + 7.9 nmoll") failed to stimulate
catecholamine secretion. In addition to a potential paracrine role in the stimulation of
catecholamine secretion, the serotonin stored in the systemic heart and PCV of hagfish may have
other physiological functions. This is supported by the observations that serotonin has inotropic
and chronotropic effects on the systemic heart (Augustinsson er al 1956), and potential
vasoactive actions on the gill vasculature of Myxine glutinosa (Sundin et al. 1994).
Modulatory effects of adenosine on catecholamine release

The adenosine receptor agonist, NECA, and antagonist, DPSPX, significantly modified
the secretory response elicited by ACTH, serotonin, and carbachol. Taken together, results
obtained from the perfusions in the presence of the adenosine receptor agonist or antagonist,
indicate that adenosine may inhibit the rates of catecholamine secretion induced by either
serotonin or carbachol, and stimulate those induced by ACTH. Although adenosine and the
adenosine analogue PTIA (NG-L-phenylisopropyladenosine) have previously been shown to inhibit
the catecholamine secretion elicited by acetylcholine and the nicotinic agonist DMPP a,1-
dimethyl-4-phenylpiperazinium), respectively, in isolated bovine chromaffin cells (Chern et al.
1987, 1992), the modulatory effects of NECA and DPSPX on carbachol-, serotonin- , and
ACTH-induced catecholamine secretion observed in this study have not been previously reported.

Adenosine, formed from the breakdown of ATP which is released in parallel with
catecholamines (Douglas et al. 1965), is thought to have a physiological role in catecholamine
secretion from mammalian chromaffin cells by acting as a negative feedback modulator of release
from the adrenal medulla (Chem ef al. 1987, 1992). At the cellular level, adenosine inhibits

catecholamine secretion from bovine adrenal medullary cells by reducing agonist-evoked calcium
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fluxes across the plasma membrane (Chern et al. 1987). In vivo, support for these modulatory
attributes of adenosine on catecholamine secretion, comes from adenosine receptor blockade
studies performed on hypotensive rats (Tseng et al. 1994), hypoxic rainbow trout and Pacific
hagfish (Eptatretus stouti; Bernier et al. 1996). In Eptatretus stouti, whereas exposure to a PwO,
of 10 torr for 60 min had no effect on the plasma adrenaline concentrations, it increased the latter
by 3.8-fold in hypoxic hagfish pre-treated with the adenosine receptor antagonist theophylline
(Bernier ef al. 1996). In this study, the in situ effects of NECA and DPSPX on the pattern of
catecholamine secretion induced by serotonin and carbachol agree with the inhibitory properties
attributed to adenosine by Chern and his co-workers (Chern ez al. 1987, 1992). On the other
hand, the interactions between NECA and ACTH-evoked catecholamine release in Myxine
glutinosa suggest that adenosine can also produce a positive feedback modulatory role. In the
presence of forskolin, a drug which enhances the activity of adenylate cyclase and causes a
marked rise in intracellular cAMP, adenosine, but not NECA, has been shown to enhance
catecholamine secretion in isolated bovine chromaffin cells (Chern ez al. 1988). Hence, although
species differences may exist in the signal transduction systems of adenosine receptors, the
modulatory effects of adenosine on catecholamine secretion may either be stimulatory or
inhibitory and depend on the secretagogue involved.

Overall NECA and DPSPX had greater modulatory effects on the adrenaline secretion rate
than on the noradrenaline secretion rate of the perfused chromaffin tissue. These observations are
consistent with the in vivo results obtained in Eptatretus stouti, rainbow trout, (Bernier et al.
1996), and in rats (Tseng ef al. 1994), and, together, they suggest that the modulatory effects of

adenosine may be mostly aimed at the adrenaline-storing cells.
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Conclusion

The in situ evidence presented in this study suggests that the chromaffin tissues of Myxine
glutinosa store both catecholamines and serotonin, and that these hormones may be found in
different populations of chromaffin cells. While both serotonin and ACTH stimulate
catecholamine release, Ang II and histamine do not. In contrast, Ang II stimulates serotonin
release, whereas ACTH and histamine have no effect. Hence, co-secretion of catecholamines and
serotonin is not elicited by the specific secretagogues tested in this study. Our data also reveal
that ACTH- and serotonin-elicited catecholamine release can be modulated by adenosine.
Although the relative contributions of ACTH, serotonin, Ang II, and adenosine have yet to be
explored in the overall control of catecholamine and serotonin release in Vivo, our results suggest

that this control can be achieved through hormonal and / or paracrine means.
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CHAPTER 8

General Discussion
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SUMMARY OF PRINCIPLE FINDINGS

CHAPTER 2: Angiotensins can elicit catecholamine release from the chromaffin tissue
of O. mykiss via specific Ang II binding sites. The source of Ang II in the head
kidney may be either from a local renal RAS or from the systemic RAS.

CHAPTER 3: A portion of the cardiovascular effects of Ang II in O. mykiss can be
attributed to increased levels of plasma adrenaline. Physiological levels of plasma
adrenaline can significantly influence cardiovascular function in O. mykiss.

CHAPTER 4: The RAS and humoral catecholamines play important roles in the
compensatory response to an acute hypotensive stress in O. mykiss. The contribution
of the RAS is largely indirect and relies on an Ang I-mediated secretion of
catecholamines.

CHAPTER 5: Ang II does not elicit catecholamine release from the chromaffin tissue of
A. rostrata. During a hypotensive stress, although the RAS is recruited in O. mykiss
and 4. rostrata, an essential involvement of sympathetic nerves and humoral
catecholamines to blood pressure restoration is only apparent in O. mykiss.

CHAPTER 6: Huz;loxlal catecholamines play an important role in the cardiovascular
control of S. acanthias under resting and hypotensive conditions. Ang I indirectly
contributes to cardiovascular control during hypotension by eliciting catecholamine
release, but does not appear to be involved in blood pressure regulation during rest.

CHAPTER 7: While serotonin, ACTH, and adenosine may play a role in the control of
catecholamine release from the chromaffin tissue of M. glutinosa, there is no

evidence that Ang IT or histamine are involved.
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DISCUSSION
Rationale for selection of a-adrenaceptor blocking agents

To determine the contribution of plasma catecholamines to the cardiovascular
effects of elevated levels of Ang II in fish, 3 different a-adrenoceptor antagonists were
utilized in this thesis.

In the initial studies conducted with rainbow trout (chapters 3 & 4),
phenoxybenzamine was selected as an a-adrenoceptor antagonist based on preliminary
experiments that compared the effectiveness of phenoxybenzamine (chapter 3) and
phentolamine (2 mg kg™) in providing chronic (= 8 hours) a-adrenergic blockade against
exogenous catecholamine injections. Phenoxybenzamine and phentolamine are both non-
selective a~adrenoceptor antagonists that have similar affinities for o and o, receptors.
However, phenoxybenzamine is a non-competitive antagonist that irreversibly blocks o
adrenoceptors while phentolamine is a competitive antagonist that is extensively
metabolized (Hoffman and Lefkowitz 1996). Although phentolamine has previously
been used to investigate the contribution of the sympathetic nervous system to the
cardiovascular effects of Ang II (Nishimura ef al. 1978, 1985b; Oudit and Butler 1995a),
relative to phenoxybenzamine, phéntolamiI;e was ineffective in providing the sustained
blockade required for the chronic experiments of chapter 3.

Although phenoxybenzamine was an effective a-adrenoceptor antagonist in
chapters 2 & 3, given the apparent discrepancy in the cardiovascular effects of
phenoxybenzamine treatment in trout (Randall and Stevens, 1967; Wood and Shelton
1980; Olson and Duff, 1992; Xu and Olson 1993a; see also chapter 3 for discussion),

several experiments carried out previously with phenoxybenzamine were repeated with
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the competitive oy-adrenoceptor antagonist, prazosin (chapter 5). Overall, «-
adrenoceptor blockade with either phenoxybenamine or prazosin had comparable effects
on the cardiovasculature of rainbow trout and gave conclusive evidence that the
cardiovascular effects of Ang II are partly mediated by humoral catecholamines in this
teleost species.

The selection of yohimbine as an a-adrenoceptor antagonist in S. acanthias
(chapter 6) was based on preliminaary experiments that assessed the effectiveness of
yolimbine (4 mg kg™), prazosin (4 mg kg™), and phentolamine (3 mg kg™) in providing
chronic (> 2 hours) a-adrenergic blockade against exogenous catecholamine injections.
Relative to yohimbine, phentolamine and prazosin were both ineffective in providing the
sustained blockade for chronic experiments in the spiny dogfish. Although yohimbine is
a competitive a;-adrenergic antagonist in mammals (Hoffman and Lefkowitz 1996), this
adrenoceptor antagonist is known to block the a-adrenoceptors that mediate contraction
in the systemic vasculature of different fish species (Holmgren and Nilsson 1974; Wood
and Shelton 1980).

Overall, results from this thesis and from a number of other studies suggest that
the pharmacology of a-adrenoceptors in fish indicate a non-mammalian adrenergic
receptor classification (for review, see Fabbri ef al. 1998). In addition to the unexpected
results obtained with some a-adrenoceptor antagonists in this thesis, several studies have
shown that clonidine, methoxamine and phenylephrine, standard mammalian o-receptor
agonists (Hoffman and Lefkowitz 1996), behave differently in fish than in mammals

(Holmgren and Nilsson 1982; Fabbri ez al. 1998).
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Significance of Ang II as a secretagogue of humoral catecholamine release

An overview of the principle findings from this thesis (see above) suggests that
while Ang II may be a potent secretagogue of humoral catecholamine release in some
fish species, it does not appear to play a role in others. Similarly, in mammals, a role for
Ang II in adrenal medullary physiology is species specific (Livett and Marley 1993).
Although such inter-species differences may lead one to speculate about the
physiological significance of Ang II as a secretagogue of humoral catecholamine release,
it is important to keep in mind that the interactions between Ang II and the SNS are
multifaceted.

In the Altantic hagfish, M. glutinosa, despite the observations of Carroll and
Opdyke (1982) that a-adrenoceptor blockade can fully inhibit the pressor response to
teleost Ang IT ([Asn',Val’]-Ang II), there is no evidence that [Asn',Val’]-Ang I can
stimulate humoral catecholamine release in this species (chapter 7). Hence, even though
the autonomic nervous system of cyclostomes is very poorly developed (Nilsson 1984),
presumably Ang I-elicited pressor responses in hagfish are mediated by sympathetic
nerves. Even though attempts at isolating Ang IT from hagfish have preﬁously failed (Y.
Takei, personal communication), the presence of Ang II in lampreys and in the nervous
system of invertebrates (for references see Kobayashi and Takei 1996) suggests that Ang
IT is likely to play a role in the nervous system of hagfish.

Similarly, there is no evidence that Ang II can elicit humoral catecholamine
release in the American eel (chapter 5). While Ang II elicited pressor responses that
could be partially inhibited by c-adrenoceptor blockade, it did not stimulate humoral

catecholamine release. Therefore, as observed in the hagfish, the previously reported
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interactions between Ang IT and the SNS in eels (Chan and Chow 1976; Nishimura et al.
1978; Nshimura 1985b; Oudit and Butler 1995a) are most likely mediated by sympathetic
nerves. In telcosts, there is in situ evidence that Ang II may facilitate catecholamine
release from adrenergic nerve endings (Olson ef al. 1994; Platzack 1995). However, it is
noteworthy that during acute hypotensive conditions in 4. rostrata, when endogenous
Ang II is recruited, there does not appear to be any significant contribution of the SNS to
cardiovascular control (chapter 5). Therefore, while a-adrenoceptors may mediate a
significant percentage of the pressor effect of exogenous Ang IT under normotensive
conditions in 4. rostrata (Nishimura ef al. 1978; Nshimura 1985b; Oudit and Butler
1995a), the significance of this interaction may be masked by other cardiovascular
adjustments during an acute hypotensive stress.

In contrast, results from this thesis suggest that homologous Ang II is a potent
secretagogue of humoral catecholamine release in rainbow trout (chapters 2-5) and in
spiny dogfish (chapter 6). In both species, I have provided evidence that Ang II plays an
important role in the control of humoral catecholamine release during an acute
hypotensive stress. Therefore, keeping in mind that humoral catecholamines are only
released in significant amounts under conditions of acute stress (Randall and Perry 1992),
these results suggest that at least in some species of fish, Ang Il is a key contributor to the
control of catecholamine release from the chromaffin tissue.

In addition to the stimulatory effects of Ang II on humoral catecholamine release
during acute hypotension in rainbow trout, Ang II may chronically stimulate basal
adrenaline release from the chromaffin tissue during normotensive conditions (chapter 4).

Given the importance of circulating catecholamines for blood pressure regulation in O.
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mykiss (see below), the chronic stimulatory effect of Ang IT on adrenaline release may be
an important component of the RAS function as an anti-drop regulator of blood pressure
in this species. On the other hand, there is no evidence that the RAS of the spiny dogfish
is involved in stimulating basal catecholamine secretion from the chromaffin tissue
(chapter 6). Interestingly, there is also no evidence that the RAS is involved in
maintaining resting blood pressure in dogfish (chapter 6; Opdyke and Holcombe 1976;
Hazon ef al. 1989).

The presence of a systemic and local renal RAS in O. mykiss (chapter 2; Brown et
al. 1995) suggests that not all the chromaffin cells of the head kidney may be exposed to
similar Ang IT levels. In mammals, although the adrenal gland is endowed with a local
RAS and contains the highest level of angiotensin that has been measured in any tissue
(Livett and Marley 1993; Phillips ef al. 1993), the physiological significance of this local
RAS is unclear. In O. mykiss, whether a local renal RAS plays a tonic role in the control
of catecholamine release, and whether the systemic and local RAS have a differential
impact on the chromaffin cells of the head kidney warrant further consideration.

In addition to humoral catecholamine secretion, Ang IT has a number of other
actions on chromaffin cells in mammals (Livett and Marley 1993). The ability of Ang II
to activate key enzymes of the Blaschko pathway and to increase the expression of the
genes coding for these enzymes (Stachowiak ef al. 1990; Goc and Stachowiak 1994),
indicate that Ang II is involved in the short- and long-term regulation of catecholamine
synthesis. Whether Ang IT also influences the synthesis of catecholamines in fish has yet

to be investigated. Such Ang II-mediated modulation of catecholamine synthesis may
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take place under conditions where the RAS is chronically activated, for example during
changes in environmental salinity (Kobayashi ez al. 1980; Takei et al. 1988).

Given the marked inter-species differences observed throughout this thesis, it is
difficult to generalize on what the overall significance of Ang I as a secretagogue of
humoral catecholamine release in fish might be. However, my results do suggest that
Ang II is more likely to stimulate humoral catecholamine release in fish species where
blood pressure is promptly regulated during a hypotensive stress (e.g. O. mykiss and S.

acanthias) than in species where it is not (e.g. 4. rostrata).

Significance of Ang II and humoral catecholamines in cardiovascular control

Under normotensive conditions, as previously observed (Olson 1992), the RAS of
rainbow trout is involved in the tonic regulation of blood pressure. Although this may be
achieved in part by the constrictor effect of Ang II on the systemic resistance vessels
(Olson ef al. 1994), my results also suggest an indirect contribution via the chronic
stimulatory effect of Ang II on basal adrenaline secretion from the chromaffin tissue
(chapter 4). While basal circulating levels of catecholamines may not directly contribute
to cardiovascular control (chapter 3), there is evidence that low levels of humoral
catecholamines are necessary to maintain sympathetic neuronal tone in rainbow trout (Xu
and Olson 1993b). Hence, in rainbow trout, the regulation of resting blood pressure may
be achieved, at least in part, through interactions between the RAS, humoral
catecholamines and sympathetic nerves.

While only the neuronal component of the SNS may directly contribute to

maintaining resting blood pressure in O. mykiss, whether humoral catecholamines
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contribute to cardiovascular control independently of sympathetic nerves during stress
has been debated (Xu and Olson 1993b; Nilsson 1994). In chapter 3, by correlating in
vivo cardiovascular function with circulating catecholamine concentrations, I provided
evidence for the first time that relatively low levels of circulating adrenaline can
significantly contribute to cardiovascular function in rainbow trout. Further evidence
that humoral catecholamines contribute to cardiovascular control was provided by the
observation that exogenous supplementation of plasma catecholamines concentrations
prevents the chronic hypotensive effects of RAS blockade in papaverine-treated trout
(chapter 4). In addition, following hypotensive stress, the slower rate of blood pressure
recovery in c-adrenoceptor-treated trout than in bretylium-treated trout (chapter 5)
suggests that both humoral catecholamines and adrenergic nerves play a significant role
in the cardiovascular regulation of hypotensive O. mykiss.

Recruitment of the RAS is also an important component of the physiological
response of O. mykiss to hypotensive stress. However, the contribution of Ang II to
cardiovascular control is mostly indirect and involves an acute stimulation of humoral
catecholamine relez;se '(chapters 4 &5).

In sharp contrast to rainbow trout, neither humoral catecholamines, adrenergic
nerves or Ang II appears to be involved in the regulation of blood pressure in
normotensive fresh water eels (chapter 5; Hipkins ef al. 1986; Tierney ef al. 1995b). In
Anguilla anguilla, however, transfer to seawater increases the activity of the RAS and
under such conditions Ang IT appears to play a role in the regulation of resting blood
pressure (Tierney ez al. 1995b). Although an important component of the physiological

response of 4. rostrata to a hypotensive stress is the recruitment of the RAS (chapter 5),
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unlike the observations in O. mykiss, the cardiovascular effects of Ang II are not
mediated by humoral catecholamines in the eel. In fact, the results of chapter 5 suggest
that the o-adrenoceptor mediated pressor effects of Ang II in 4. rostrata are not an
essential component of cardiovascular control during acute hypotensive conditions.
Generally in teleosts, whether the individual and interactive contributions of Ang
IT and humoral catecholamines to blood pressure regulation are more similar to O. mykiss
or to 4. rostrata is not clear. In the only other teleost species where the involvement of
the RAS and the SNS in cardiovascular control have been extensively investigated, G.
morhua, the available data tentatively suggest an intermediate pattern. In the Atlantic
cod, the RAS contributes to resting blood pressure regulation, is recruited during
exercise-induced hyperaemia, and facilitates adrenaline release from sympathetic nerve
endings (Platzack et al. 1993; Platzack 1995). Also, there is evidence that adrenergic
nerves are more important than humoral catecholamines for blood pressure regulation
during rest, exercise, and hypoxia (Nilsson 1994). However, interactions between Ang I
and the control of humoral catecholamine release have yet to be investigated in the
Atlantic cod. Furthermore, experiments examining the contribution of humoral
catecholamines and Ang II during an acute hypotensive stress have not been performed in
G. morhua. Another unknown is whether the stimulatory effects of Ang IT on humoral
catecholamines observed in O. mykiss also contribute to resting blood pressure regulation
in other fish species. Therefore, considering that only a handful of teleosts have been
investigated among a very large and diverse array of species (~21 000), generalizing
about the possible involvement of Ang IT and humoral catecholamines in blood pressure

regulation among teleosts is a daunting task (Henderson and Deacon 1993; Nilsson
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1994). Suffice it to say that blood pressure regulation is complex, and that Ang II,
humoral catecholamines, adrenergic nerves, and other mechanisms not investigated here
can play a significant role in at least some teleost species.

In spiny dogfish, unlike teleosts, my results have provided further evidence that
humoral catecholamines play an important and direct role in maintaining resting blood
pressure in elasmobranchs (chapter 6; Opdyke ef al. 1972; Short ef al. 1977; Butler and
Metcalfe 1988). Ang II, while not involved in the control of resting blood pressure
(chapter 6; Opdyke and Holcombe 1976; Hazon ef al. 1989), significantly contributes to
cardiovascular control during a hypotensive stress by stimulating catecholamine release
(chapter 6). Therefore, in S. acanthias, humoral catecholamines appear to be essential in
the regulation of blood pressure under both normotensive and hypotensive conditions.
Ang II, on the other hand, only plays a supportive role during a hypotensive stress.

Overall, the capacity of either O. mykiss, A. rostrata, or S. acanthias to
compensate for a drop in blood pressure is in part coupled to the involvement of Ang I
and the SNS in blood pressure regulation. As exemplified by 4. rostrata, regulation of
blood pressure during hypotension primarily through the single involvement of the RAS
may limit the ability of a fish to promptly regain homeostatic conditions. Additional
recruitment of the neuronal (e.g. O. mykiss) and humoral (e.g. O. mykiss and S.
acanthias) components of the SNS may enhance cardiovascular regulatory capabilities.
Given the involvement of Ang II in the control of catecholamines from the chromaffin
tissue, the significance of the contribution by humoral catecholamines to cardiovascular
homeostasis will become increasingly important with the severity of the hypotensive

stress.
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Potential role of p-adrenoceptors in mediating the cardiovascular effects of Ang I1
Throughout this thesis, results from several experiments have shown that a
significant component of the cardiovascular effects of Ang II in O. mykiss and S.
acanthias are mediated via the stimulatory effects of Ang IT on catecholamine release
from the chromaffin tissue. While the c-adrenoceptor component of the cardiovascular
effects of Ang II were specifically investigated (chapters 3-6), a portion of the
cardiovascular effects of circulating catecholamines in fish can also be mediated via B-
adrenoceptors. Positive inotropic and to some extent chronotropic effects are mediated
by B-adrenoceptors in the heart of most teleosts (Holmgren and Nilsson 1982) and in
elasmobranchs (Nilsson and Holmgren 1988). The branchial vasculature of teleosts and
elasmobranchs is also sensitive to circulating catecholamines (Wood and Shelton 1975;
Holmgren and Nilsson 1982; Morris and Nilsson 1994). The primary effect of humoral
catecholamines in the gills is a B-adrenoceptor-mediated vasodilation (Wood and Shelton
1975; Morris and Nilsson 1994). While the contribution of the heart to the
cardiovascular effects of an Ang II-mediated release of catecholamines was investigated
in O. mykiss (chapters 3 & 4) and S. acanthias (chapter 6), the potential contribution of
branchial resistance (Rg) to the cardiovascular effects of Ang IT is not known. Since Rg
and Rs are in series in fish, a decrease in Rg leads to an increase in Pp4. Therefore, it is
possible that an Ang IT-mediated elevation in plasma catecholamines could decrease Rg
and thereby contribute to the Ang II-elicited increase in Pp,. However, o-adrenoceptor
blockade with phenoxybenzamine in O. mykiss reduced the pressor response to a bolus
injection of catecholamines by 67%, abolished the increase in Rs and reduced the increase

in O by 42% (chapter 3). Because a portion of the remaining pressure response elicited by
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exogenous catecholamines in these a-adrenoceptor blocked fish can be attributed to an
increase in O (chapter 3), these results suggest that the contribution of Rg to the pressor
response of catecholamines may be small. Furthermore, a-adrenoceptor blockade was
shown to prevent blood pressure restoration during an acute hypotensive stress and to
acutely reduce Rs in O. mykiss (chapter 4) and S. acanthias (chapter 6). Therefore, while
it may be argued that a catecholamine-mediated reduction in R during an acute
hypotensive stress may prevent a complete cardiovascular collapse, the contribution of
potential changes in Rg to the Ang II-mediated adrenergic response during a hypotensive
stress appear to be relatively minor. Finally, because Ang IT increased vascular resistance
in a perfused gill preparation of Q. mykiss, Ang II will not directly interfere with the

systemic pressor effects of Ang II in the trout (Olson ef al. 1994).

Significance of non-cholinergic secretagogues in the control of catecholamine release
Given the aneural nature of the chromaffin tissue in hagfish (see Bernier and
Perry 1998b for review), the control of catecholamine release in these primitive fish is by
definition non-cholinergic. However, although evidence suggests that the catecholamine
stores found in the systemic and portal hearts are involved in the tonic control of cardiac
function (Forster 1998), determining the nature of the mechanisms involved in the control
of catecholamine release has proven to be challenging (Perry ef al. 1993). Overall, by
identifying potential secretagogues of catecholamine release in an in situ perfusion
preparation of M. glutinosa (chapter 7), I have provided direction for future investigations

into the control of catecholamine release and cardiac function in hagfish.
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The observation that both serotonin and ACTH can elicit catecholamine release in
M. glutinosa (chapter 7) concurs with similar in situ and in vivo results obtained in
rainbow trout (Fritsche e al. 1993; Reid et al. 1996). In both species, however, the
relative contribution of either serotonin or ACTH to the overall control of catecholamine
release in vivo in response to specific stresses has not been explored. Also, whether
serotonin or ACTH indiscriminately stimulate catecholamine secretion or only play a role
under some specific physiological conditions is not known. In fact, with the exception of
Ang II, the relative contribution and the physiological conditions under which most of the
non-cholinergic secretagogues identified so far in fish are not known (Reid et al. 1998).
Therefore, while current knowledge on the control of catecholamine release from the
chromaffin tissue of fish suggests a complex process involving numerous non-cholinergic
secretagogues (Reid ef al. 1998), additional work is required to characterize the in vivo

role of these secretagogues before their physiological significance can be elucidated.
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CONCLUSION

This thesis primarily investigated the role of Ang IT as a non-cholinerigic
secretagogue of humoral catecholamine release among an evolutionary diverse group of
fish. Experimental evidence suggests that Ang II is a potent secretagogue of humoral
catecholamine release in the teleost Oncorhynchus mykiss and the elasmobranch Squalus
acanthias. In both species, Ang II plays a significant role in the control of catecholamine
release during an acute hypotensive stress, and this interaction is an important
physiological response for the maintenance of cardiovascular homeostasis. On the other
hand, although previously suggested, Ang II does not appear to be a secretagogue of
humoral catecholamine release in either the teleost Anguilla rostrata or the hagfish
Mpyxine glutinosa. Therefore, while a number of potential non-cholinergic secretagogues
may be involved in the control of catecholamine release among fish, the results from this
thesis point to the need for a more comprehensive and comparative approach in order to

further our understanding of this complex process.
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