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Summary

This study was conducted to describe the cardiovascular
responses to intra-arterial injections of serotonin in the
Antarctic fish Pagothenia borchgrevinkiand to elucidate
the underlying mechanisms. Immunohistochemistry was
used to localise serotonin-containing cells within the gills.
Simultaneous and continuous recordings of ventral and
dorsal aortic blood pressure, heart rate and ventral aortic
blood flow (cardiac output) were made using standard
cannulation procedures in combination with Doppler flow
measurement. An extracorporeal loop with an in-line
oxygen electrode allowed continuous measurements of
arterial oxygen pressurePao,. Pre-branchial injection of
serotonin (5-hydroxytryptamine, 5-HT) or the 5-HT2
receptor agonist a-methylserotonin increased the
branchial vascular resistance and ventral aortic pressure,
while the 5-HT1 receptor agonist piperazine was without
effect. The branchial vasoconstriction produced by
serotonin injection was completely blocked by the 5-HF5-
HT 2 receptor antagonist methysergide and the branchial
vasoconstriction produced bya-methylserotonin injection
was completely blocked by the specific 5-HTreceptor

antagonist LY53857. The results suggest that the 5-HT
receptor alone mediates the branchial vasoconstriction.
Serotonin  also mediated a methysergide-sensitive
reduction in Pao,, the reduction being greatest when the
pre-injection Pao, value was high. 5-HT-immunoreactive
cells and nerve fibres were present within the gill tissues.
All the 5-HT-immunoreactive cells were located on the
efferent side of the filaments, but 5-HT-immunoreactive
nerve fibres were found lining both of the branchial
arteries. Our findings demonstrate a potential serotonergic
control system for the gills inPagothenia borchgrevinkiln
contrast to its effects on the branchial vasculature,
serotonin produced a methysergide-insensitive decrease in
the systemic vascular resistance. However, neither the
specific 5-HT1 nor 5-HT2 receptor agonists produced a
decrease in the resistance of the systemic vasculature. The
nature of the serotonergic receptor(s) inducing vasodilation
in teleost fish is uncertain.

Key words: teleost, 5-hydroxytryptamine, circulation, blood vessel,
gill, oxygen tensionPagothenia borchgrevinki

Introduction

The presence of both cholinergic and adrenergic contrahore potent than both adrenaline and acetylcholine in
mechanisms in the branchial vasculature of the notothenioicbnstricting the branchial circulation in the borch. Serotonergic

Antarctic fish Pagothenia borchgrevink{'borch’) has been
demonstrated (Axelssoret al. 1994), with a-adrenergic
vasoconstrictor activity predominating ove-adrenergic
vasodilatation. This prevalence of-adrenoceptors in the

branchial vasculature in borch has also been confirmed by the 5-HR/5-HT2

experiments on isolated perfused gill arches (Forsteal.
1998). The dominance ofadrenoceptor mechanisms oer

storage sites have been identified within the gills of every fish
species so far studied (e@unel-Erbet al. 1982, 1989; Bailly

et al. 1989, 1992; Zacconet al. 1992; Sundin, 1996). The
monoamine-induced branchial vasoconstriction can be blocked
receptor antagonist methysergide
(Atlantic cod Gadus morhua Ostlund and Fange, 1962;
rainbow trout Oncorhynchus mykisKatchenet al. 1976;

adrenoceptor effects on the cardiovascular system is interestifgtscheet al. 1992; Sundiret al. 1995; eelAnguilla anguilla

because, in teleost fish from temperate
adrenoceptor-mediated  responses  are

latitud@s,
dominant

Janvieret al. 1996). Therefore, it is possible that serotonergic

imechanisms are a component of the excitatory non-adrenergic

summertime, whilea-adrenoceptor-mediated responses arand non-cholinergic branchial vascular control previously

relatively more important during the winter (Péttal. 1982;
Randall and Perry, 1992).
In addition, results from a recent study by Forgemal.

suggested by Pettersson and Nilsson (1979).
Measurements of oxygen partial pressie,) in the blood
have shown that injection of serotonin is accompanied by a

(1998) show that serotonin (5-hydroxytryptamine, 5-HT) isdecrease in arteri®do, (Pao,) in rainbow troutOncorhynchus
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mykiss(Thomaset al. 1979; Fritscheet al. 1992). This is (type OM-4) used to measure arterial oxygen partial pressure
presumably due to the observed constriction of filamentakere manufactured by Microelectrodes Inc. (Londonderry,
arteries and arterioles induced by serotonin in the same spechbBl, USA). The oxygen electrode was submerged in the sea
(Sundinet al.1995). Preliminary results indicate that serotoninwater at the same temperatur®.6 to 0°C) as the fish and
reduces thePao, in borch as well (Forsteet al. 1998). was zeroed using sodium sulphite solution in sodium borate.
Nevertheless, the physiological significance of the serotonergithe electrode was calibrated using air-saturated sodium
haemodynamic effects and the impact on gas exchange aeloride solution (0.9%) and proved to be stable during the
unclear (Fritschet al. 1992; Sundiret al. 1995). experimental period; it had a 95% response time of less than
It has been shown that branchial 5F¥BHT2 receptors are 45s at the experimental temperature. When the data were
involved in the 5-HT-induced increase in branchial resistancanalysed, allowance was made both for the time taken for
in teleosts; however, no attempts have been made ®ampled blood to reach the oxygen electrode and for the
distinguish  further the receptor mechanism involvedresponse time of the electrode itself.
Furthermore, thén vitro study by Forsteet al. (1998) on
isolated borch gill arches and gill vessels indicates a branchial Experimental protocol
vasculature very sensitive to serotonin.iNeivostudies have Individual fish were kept in the experimental chambers
been performed to elucidate the functional significance of th@approximately 170 ms250mm and 120 mm deep) for at
serotonergic control mechanisms, and there is also a lack lefast 24 h postsurgery to allow sufficient time for recovery
information regarding the presence and localization ofrom implantation of cannulae and the flow probe and to let
serotonin in the branchial vasculature of borch. The presetite animals become accustomed to the environment. Since it
study was undertaken to investigate the branchial and systeniéc impossible, with the present arrangement, to record
responses to intravascularly injected serotonin in the Antarcticardiovascular variables and oxygen partial pressures
fishP. borchgrevinkito identify the receptor type involved and simultaneously, the animals were first connected for recordings
to localise branchial storage sites for serotonin. of ventral Pva) and dorsalRfpa) pressures, heart rater( and
cardiac output @). This allowed us to check whether the
ventral and dorsal aortic cannulae were patent and that the
animals had recovered sufficiently from surgery. Fish without
Animals apparent beat-to-beat heart rate variation were not used since
The red-blooded Antarctic notothenioid fistagothenia a reduced cholinergic tone on the heart, leading to a low beat-
borchgrevinki (Boulenger) (commonly called ‘borch’) was to-beat variation in heart rate, is indicative of stress.
caught by line and hook in McMurdo Sound, Antarctica, and In preliminary trials, we tested for suitable dosages of
transported back to Scott Base (New Zealand Antarctiagonist drugs. The doses of agonists chosen gave clear and
Programme) where they were kept in plastic tanksle® to  consistent submaximal effects, and the selected doses of
-0.8°C. Animals were also flown to Christchurch, Newantagonists were sufficient to cause blockage.
Zealand, where part of this study was undertaken. In
Christchurch, the animals were held in plastic tanks in a closederies 1

Materials and methods

circuit sea water aquarium system-at5 °C. This part of the study was conducted at Scott Base,
Antarctica. In this group, 0.1nmolky (100ulkg,
Surgery 10°moll-1) serotonin was administered twice before and

Twenty-one fish with body mass of 114.3+5.8g (mean #wice after treatment with methysergide (1 mgkg
s.E.M.) were used in these studies. Prior to surgery, animaBumolkg™, a non-selective 5-HI5-HT2 receptor
were given at least 48 h to recover from the effects of capturantagonist).
and they were subsequently allowed 24h to recover from During the first injection, effects on cardiovascular
surgery before measurements were started. parameters were measured; during the sec#ad, was

The surgery, including cannulation of the afferent andneasured. At the beginning of each experiment, resting values
efferent branchial arteries and placement of a Doppler flowf the measured variable®),( Pva, Ppa, fH, Pao,) were
probe around the ventral aorta, was as described by Axelssmrorded, and after methysergide treatment the animals were
et al. (1994), as was the equipment used to record pressurkedt to recover for at least 30 min or until the cardiovascular
and flows. An extracorporeal loop was established by pumpingariables had stabilised to pre-treatment values.
dorsal aortic bloodria the efferent branchial cannula into the
afferent branchial cannulavia a flow-through oxygen Series 2
electrode, allowing continuous recording of dorsal aortic This part of the study was conducted in Christchurch, New
oxygen tension. Blood was pumped around the extracorporedéaland. To evaluate the serotonergic receptors involved in the
loop using a Minipuls 3 pump (Gilson, Villiers-le-Bel, France). cardiovascular responses obtained in series 1, specific agonists
The volume of blood in the loop was approximately @80 and antagonists for 5-HTand 5-HT% receptors were
and the total circulation time was approximately 2 min. Theadministered sequentially. When the cardiovascular variables
Clark-type flow-through electrode (type 16-73) and metewere stable,a-methylserotonin (a 5-H¥ receptor agonist;
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0.1nmolkg?, 100ulkg™, 10°moll-1) was injected and the through the whole gill arch to obtain sections containing the
effects recorded. After all the recorded variables had returndatanchial arteries. The sections were incubated in a moist
to resting values, piperazine (0.1nmotkg 100ulkg™, chamber at room temperature (22-24°C) with the primary
10°mol 1), a 5-HT; receptor agonist, was administered andantiserum (NA-08-324, dilution 1:500, CRB, Cambridge, UK,

the effect was recorded. Then the fish were pre-treated with tiwest rabbit) for single staining for 24 h. The preparations were
5-HT2 receptor antagonist LY53857 (0.5 mgkgiumolkg™)  rinsed three times in hypertonic PBS plus 2.0 % NacCl for 5min
and, when the cardiovascular parameters were stable, a firmald incubated with secondary antibodies (DaR-DTAF, dilution

injection ofa-methylserotonin was given. 1:100, Jackson Immunores., USA, host donkey) for 1-2 h. The
secondary antibodies were conjugated to dichlorotriazinyl
Drugs amino fluorescein (DTAF). They were diluted in hypertonic

The following drugs were used in this study: serotoninPBS to reduce non-specific binding to the tissue sections
hydrochloride (Sigma), chlorophenyl piperazine (Signte), (Grube, 1980). Preparations were viewed with an Olympus
methylserotonin maleate (Research Biochemical&/anox fluorescence microscope and photographed with a Leitz
International, RBI), LY53857 maleate (RBI) and methysergideDrthomat camera using Kodak T-MAX 400 film rated at 1000
dimaleate (Sandoz). All drug injections were made into thé&SA.

efferent arterial cannula. To control for the specificity of the secondary antibodies,
o o sections were either pre-incubated with normal donkey serum
Data acquisition and statistics (1:10), or the primary antiserum was omitted from the staining

The cardiovascular variables arfébo, were recorded procedure. We use the term ‘immunoreactive’ (abbreviated as
continuously using a Yokogawa recorder (model 370Z1IR’) when referring to the immunohistochemical localization
LR8100), and the data were also sampled using LabViewf serotonin.

(version 4.0, National Instruments). Sampling frequency was
30Hz, and mean values were subsequently created at 15s

intervals. Data are presented as measg.#. for N animals. _ Results _
Branchial and systemic vascular resistan@eii( and Rsys Cardiovascular experiments
respectively) were calculated aBvA—Ppa)/Q and Ppa/Q, Cardiac output measurements were used only to calculate

respectively, assuming that the entire cardiac output passedanchial and systemic resistance; since none of the agonists

through the systemic vessels and that venous pressure wasantagonists used had any significant effect on cardiac output,

close to zero and did not change substantially during thealues of this variable are not included below.

experiments. Cardiac output was measured using the pulsed

Doppler technique. Since no calibration of the flow signal wa$eries 1

performed, the resistance changes described above ardnjections of serotonin caused a significant increa$siin

expressed as a percentage change from the value for the contmblich resulted in a significant elevationRfa (Fig. 1A). The

period. vascular events were accompanied by a reduction in arterial
Evaluation of statistically significant changd3<.05) in  Pao, (Fig. 1B). Pre-treatment with the S5HBHT, receptor

the recorded variables was made using the Wilcoxon signedntagonist methysergide abolished these effects (Fig. 1). In

rank test. To test the correlation between resflag, levels  contrastPpa decreased significantly as a result of the reduced

and the change iRao, induced by serotonin (see Fig. 2), a Rsys (Fig. 1A) and pre-treatment with methysergide did not

Spearman rank correlation test was used. alter this systemic effect of serotonin (Fig. 1B).
_ _ The magnitude of the reduction iRao, after serotonin
Immunohistochemistry injection was significantly correlated with restiRgo, levels

The histochemical procedure followed that outlined in(Fig. 2).
Karila et al. (1995). Four whole gill arches from either the left
or the right side were excised from four fish killed by a shareries 2
blow to the head. The gill arches were fixed in 15% saturated The branchial effects of injectemtmethylserotonin (a 5-
picric acid and 2% formaldehyde in 0.1ndlphosphate- HT2 receptor agonist) resembled those obtained with
buffered saline (PBS, pH 7.3) for 24 h at 4°C. They were thererotonin: a significant increaseRaiir andPya (Fig. 3). Pre-
rinsed and dehydrated in an ethanol series, treated with xyletreatment with a specific 5-HTeceptor antagonist (LY53857)
for 30 min, rehydrated in ethanol and stored in PBS containinglocked the increase iRgii and Rsys (Fig. 3). In contrast to
30 % sucrose as a cryoprotectant until cut sections containibe effects of serotonin,a-methylserotonin  did not
3-4 filament pairs from the middle portion of each gill archsignificantly reduc&sys(Fig. 3). Piperazine (a 5-HTeceptor
were quick-frozen in isopentane (2-methylbutane), cooled iagonist) lacked effect on any of the cardiovascular variables
liquid nitrogen, cut into 1Qm thick sections using a cryostat measured (Fig. 4).
and dried onto Vectabond- (Vector) coated slides. Since the
bone of borch is less calcified than that of most other teleosts Immunohistochemistry
(Eastman and DeVries, 1981, 1982), it was possible to cut Two morphologically different types of 5-HT-
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immunoreactive (5-HT-IR) cell could be identified on the 9
. . . . y=0.7117x-5.5147
efferent side of the filament on all four gill arches. While rounc 8 + 12=0.936. P<0.05 °

cells without short processes or with only a few short process: s 71

were concentrated in the distal third of the filament, bipola % 6+

neurones with long processes ran parallel to the filament alot %’ 5+

the efferent side (Figs 5A, 6A). Varicose nerve fibreswereals 5§ 4+

seen along the filaments (Fig. 6B). At the individual filamenta o 37

tips, the round cells formed discrete groups that werr & 27

invariably located outside the efferent filamental artery clos 17

to the external medium (Fig. 5B). The cells in the afferen 0 c 2’0
filamental artery in Fig. 5B are autofluorescent red blood cell

and are not 5-HT-immunoreactive. These cells resemble tt Resting Peg, (%)

neuroepithglial cells (NECs) described by previous authors iFig. 2. The correlation between resting arterial oxygen tension
other species (e.g. Dunel-Egbal. 1982; Laurent, 1984; Bailly (Pao,) and the reduction iPao, caused by injection of serotonin
et al. 1992). In addition, there was a rich 5-HT-IR innervation(0.1 nmol kg?, N=11).
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(N=10, right panel) treatment with LY53857 (a 5-HEceptor antagonist) on cardiovascular variables. Abbreviations as in Fig. 1. Values are
mean 1s.E.M. An asterisk indicates a significant difference between values determined 2 min after injection and pre-injection values. A dagge
indicates a significant difference between the effect-ofethylserotonin before and after treatment with LY53857. Injections are indicated by
the upward-pointing arrowheads. The discontinuous traces in A are due to injection artefacts in the dorsal aortic peesdigetirgahe
resistance calculations.

of the basal parts of the efferent filamental arteries of theerotonin-activated increase Rii and Pva (Fig. 1A) was
sphincter area (Fig. 7A). No 5-HT-IR cells were distinguishednimicked by a-methylserotonin (a specific 5-HTreceptor
along the afferent filamental arteries (non-specifically stainedgonist) (Fig. 3) but not by piperazine (a specific 5-HT
red blood cells can be seen in Fig. 5B in the afferent filamentaéceptor agonist) (Fig. 4). In addition, the constriction of the
artery). However, 5-HT-IR fibres were found innervating thegill vessels bya-methylserotonin was effectively blocked by
outer walls of both the afferent and efferent branchial arterielsY53857 (Fig. 3), a specific 5-HTreceptor antagonist, which
(Fig. 7B). Peculiar 5-HT-IR cells were commonly observed orfurther supports this conclusion. Because the vascular
the opposite side of the gill arch towards the buccal cavityesponses to serotonin, which are suppressed by methysergide
They formed groups of at least two cells (sometimes more cel{s general 5-H¥/5-HT, receptor antagonist) (Fig. 1), are
could be seen) oriented like flower-cups at the ends of branchimilar to those obtained in all other species investigated
like structures in the gill rakers (Fig. 8). (Atlantic cod Gadus morhua Ostlund and Fange, 1962;
rainbow trout Oncorhynchus mykissKatchenet al. 1976;
Fritscheet al. 1992; Sundiret al. 1995; eelAnguilla anguillg
Discussion Janvieret al. 1996b), it seems very likely that the 5-HT
The present investigation demonstrates clearly that theeceptor is a ‘general’ mediator of serotonergic
branchial vasoconstriction caused by serotonin Bn  vasoconstriction in the teleost branchial vasculature. It is also
borchgrevinkiis mediated by a 5-HTlreceptor, since the interesting to note the difference in the concentration of
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Fig. 4. The effects of intra-arterial injections of piperazine (a 3-HT
receptor agonist, 0.1nmolky N=7) on cardiovascular variables.
Abbreviations as in Fig. 1. Values are meanetv. There were no
significant differences in the variables before and after injection of
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A are due to injection artefacts in the dorsal aortic pressure trace
affecting the resistance calculations.

gill vessels has also been demonstratedtro (Forsteret al.
1998). The approximately 1000-fold higher sensitivity to
serotonin in borch compared with rainbow trout may be due to
species differences, but it could also represent adaptation to a
cold environment. Cold adaptation has been suggested as an
explanation for the dominance of-adrenoceptor ovef-
adrenoceptor responses in borch (Axelssbal. 1994) and in
winter fish from temperate waters (Péttal. 1982; Randall

and Perry, 1992). Interestingly, cooling enhances, presumably
by an increasing in receptor affinity, both 544Eceptor- and
az-adrenoceptor-mediated vasoconstriction in mammals
(Vanhoutte and Flavahan, 1986; Bodelsstnal. 199(,b;
Harkeret al.1991). If a direct effect of temperature on receptor
affinity applies to 5-H?% receptors in fish and if there is an
equivalent receptor density among species, then fish should
display different sensitivities to serotonin depending on the
ambient water temperature.

A consequence of the serotonin-induced branchial
vasoconstriction was an impaired gas transfer and, as for the
vascular responses, the reduction in artdfad, could be
blocked by methysergide treatment (Fig. 1B). Interestingly, the
degree of reduction iffao, depended on the restirggo,

(Fig. 2), i.e. animals with high resting levels displayed a larger
reduction inPap, following serotonin administration. A close
correlation between an increased pressure differential

serotonin required to elicit similar significant cardiovasculaiPva—Ppa) andPao, has been noted in a study of the borch

responses between this species (0.1nnm)kand rainbow

cardiovascular system (Forstdral. 1998). Assuming that the

trout (100 nmol kgh). The high potency of serotonin in borch pressure difference across the gills represents gill vascular

Fig. 5. Longitudinal (A) and transverse (B) sections through a gill filameRagbthenia borchgrevinisShowing 5-HT-immunoreactive (5-
HT-IR) cells (indicated by arrowheads) on the efferent side of the filament. A group of 5-HT-IR cells forms a cluster temetitdifi (A);
these cells are located on the outside of the efferent filamental artery (EFA) close to the external medium. AFA, affentaltdit@nye Scale

bars, 10Qum.
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Fig. 6. Longitudinal sections through the middle of the efferent parPafyathenia borchgrevinkjill filament showing 5-HT-immunoreactive
(5-HT-IR) bipolar neurones (A, arrowhead) and varicose 5-HT-IR nerve fibres (B, arrowhead). Scale Ilpans, 100

Fig. 7. Longitudinal sections through the basal parts of the gill filament (A) and the branchial arteriePdBdtbenia borchgrevinkiThe

section in A passes cut transversely through the efferent filamental artery (EFA). Note the rich innervation by 5-HT-imimeribredctR)

nerve fibres surrounding the EFA in A. The outer walls of the two branchial arteries (BA) in B are innervated by 5-HT-IRresnf&ctle
bars, 10qQum.

resistance, there appears to be a relationship between branctéahellae, a mechanism thought to be essential during hypoxia.
resistance and dorsal aortic oxygen tension. In the presefherefore, the present results (Fig. 1B), like those in rainbow
study, the correlation between the magnitude of the serotonitrout (Thomaset al. 1979; Fritscheet al. 1992), seem
induced decrease iRap, and the restingPao, may again maladaptive. This conflict initiated a study on rainbow trout
indicate the importance of branchial vascular resistance for t{&undinet al. 1995) in which simultaneous observations of the
oxygenation of arterial blood. Exogenous injection of serotonimicrocirculation within the filaments and measurements of
similarly diminishes gas transfer in rainbow trout (Thorages cardiovascular parameters were made. Serotonin induced a
al. 1979; Fritscheet al. 1992). vasoconstriction in the filaments that redistributed blood flow
The physiological significance of the effects of serotonin ortowards the base of the filaments. Olson (1979) has suggested
gas transfer in teleosts is unclear, since serotonin is releastdt the most efficient way to increase oxygen transfer across
from neuroepithelial cells in rainbow trout gills during hypoxic the gill is to recruit additional lamellae; however, the occlusion
exposure (Dunel-Ertet al. 1982), and Baillyet al. (1989) of the distal lamellae induced by serotonin would have the
suggested that serotonin-mediated constriction of the efferenpposite effect. It has been shown that a serotonergic
arterial vasculature would cause an increase in perfusiamechanism is not involved in hypoxia-induced branchial
pressure which would improve perfusion of the more distalasoconstriction in rainbow trout (Sundin and Nilsson, 1997).
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1995; Sundin, 1996) and acid—base (Thomtaal. 1979; L.
Sundin and S. Nilsson, unpublished data) systems. It should
also be remembered that 5-HT is normally released locally and,
when injected into the circulation, it can bind to all available
5-HT receptors in the circulatory system causing more
generalised effects than when it is released locally.

As in other teleosts (Dunel-Edt al. 1982, 1989; Baillyet
al. 1989, 1992; Zacconet al. 1992; Sundin, 1996), and
corroborating the physiological experiments discussed above,
5-HT-IR cells and nerve fibres were found within the gill
tissues (Figs 5-8). As has been described in all other teleosts
studied so far, the 5-HT-IR cells and nerve fibres were located
on the efferent side of the filaments. 5-HT-IR nerves lining
both arteries were detected (Fig. 7B). Therefore, unlike
previous reports of an ‘exclusive’ location of serotonin storage
sites on the efferent side of the filaments in fish gills (Dunel-
Erbet al. 1982, 1989; Baillyet al. 1989, 1992; Zacconet al.
1992; Sundin, 1996), the present study also provides evidence
for a serotonergic innervation of the afferent branchial artery.
Such innervation supports recent observations of serotonin-
induced constriction of afferent branchial artery ring
preparations in borch (Forstest al. 1998). Furthermore,
despite the supposed exclusive location of efferent filamental
serotonin storage sites, serotonin-induced constriction of an
afferent filamental artery in rainbow trout has also been
observed (Sundiet al. 1995). Evidently, there are receptors
for serotonin on both sides of the branchial vasculature. If the
finding of afferent branchial 5-HT-IR fibres in borch applies to
other teleost species, the source providing serotonin to act on
afferent receptors does not necessarily have to be
extrabranchial, as has been discussed previously (Sehdin
1995). Although a direct vasoregulatory function of serotonin
released from the different 5-HT-IR cells can be assumed, the
localisation of the grouped neuroepithelial cells at the
filamental tips in borch (Fig. 5A) implies a function unrelated
to branchial vasomotor control. In accordance with the concept
of water-sensing branchial oxygen receptors in rainbow trout
(Bailly et al. 1992) and Atlantic co@adus morhugSundin,
1996), these grouped neuroepithelial cells may represent a site
Fig. 8. Longitudinal section through the gill arch Bagothenia  for environmental oxygen sensors. In addition, the peculiar 5-
borchgrevinkishowing 5-HT-immunoreactive (5-HT-IR) cells in the HT-IR cells on the gill rakers near the buccal cavity (Fig. 8)

gill rakers directed towards the buccal cavity (BC). Note that th . .
stained cells are situated at the ends of the branches of a tree-l‘li[(neay also be part of a chemoreceptive mechanism.

structure (A) and that the grouped cells (at least two, sometimes As oppo.seq to the branchial eve.nts,.lntra-a.lr'terlal Injectlon§
more) are connected like flower-cups (B). Scale barsud00 of serotonin induced a methysergide-insensitive decrease in

Rsys (Fig. 1), a response identical to that obtained in other

teleosts (Sundiret al. 1995; Janvieret al. 1996h). This

insensitivity to methysergide and the fact that specific 5-HT
Moreover, the water south of the Antarctic convergence is coldnd 5-HT receptor agonists did not reduReys to a similar
and well-oxygenated throughout the year; therefore, it igxtent (Figs 3, 4) show that the mechanism responsible is not
unlikely that Antarctic fish would be exposed to hypoxia. Thismediated by 5-H#/5-HT, receptors. Furthermore, the
together with the fact that borch seem to be more sensitive serotonin-induced systemic vasodilation in the European eel
serotonin than are the temperate species tested, further argéemuilla anguilla is also insensitive to 5-HTand 5-HT
against a hypoxic serotonergic vasoconstriction of the arterigeceptor antagonists and cardiac vagotomy (Jarsfeal.
arterial pathway in fish. Other possible roles for serotonin i199@). In contrast to the lack of blockade of the inhibitory
fish gills are in ventilatory (Fritschet al. 1992; Janvieet al.  effect of serotonin orfRsys in fish, methysergide is a potent
1996), sensory (Dunel-Erbt al. 1982; Burleson and Milsom, antagonist of both endothelium-dependent and endothelium-
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independent inhibitory serotonergic mechanisms in the rabbit notothenioid fishes in McMurdo Sound, Antarcti€apeial982
and rat jugular vein (Lefet al. 1987; Martinet al. 1987, 385-393.
Bodelssonret al. 1993). This controversy adds complexity to FORSTER M. E., FORSTER A. H. aND DAvision, W. (1998). Effects of

the mechanisms behind the vasodilatory action of serotonin in serotonin, adrenaline and other vasoactive drugs on the branchial
fish. blood vessels of the Antarctic fiffagothenia borchgrevinkFish

Physiol. Biochem(in press).

In conclusion, the cardiovascular system of borch i
extremely sensitive to serotonin a)r/ld the branchiasrRITSCHE R., THowas, S.aNp PERRY, S. F. (1992). Effects of
y serotonin on circulation and respiration in the rainbow trout

yasocpns@rictio.n is mgdiated by 5—HFEceptors: These facts, Oncorhynchus mykisd. exp. Biol173 59-73.

in conjuction with the immunohistochemical findings of botheyge, b, (1980). Immunoreactivities of gastrin (G-) cells. II. Non-
5-HT-IR cells and 5-HT-IR nerve fibres within the gill  specific binding of immunoglobulins to G-cells by ionic
tissues, demonstrate the presence of a serotonergic controjnteractionsHistochemistry87, 149—167.

system in the branchial vasculature of the Antarctic fish HARker, C. T., TavLOR, L. M. AND PORTER J. M. (1991). Vascular
borchgrevinki However, we cannot, at present, identify the contractions to serotonin are augmented by coolingardiovasc.

mechanism responsible for the systemic serotonin-induced Pharmac.18, 791-796.
vasodilation. JANVIER, J.-J., RYRAUD-WAITZENEGGER, M. AND SOULIER, P. (199@).

Mediation of serotonin-induced hyperventilatioria 5-HT3-
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