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Abstract
Whole animal, in situ and in vitro experiments were performed to investigate the
dynamics of catecholamine release during anaesthesia and the consequent effects on the
cardiovascular system of Chinook salmon. Blood pressure, heart rate, haematocrit, mean
cell haemoglobin concentration (MCHC) and plasma catecholamine concentrations were
used as indicators of cardiovascular function. In vivo experiments were performed to
elucidate whether anaesthetic exposure per se stimulates catecholamine release. There was
no cOlTelation between changes in cardiovascular variables and plasma catecholamine
concentrations during or after anaesthesia, suggesting that changes were due to anaesthetic
induced hypoxia. When whole salmon blood was exposed to hypoxia, the pattern of Hct
and MCHC changes were the same as those seen in vivo.
However, deep anaesthesia elicited strong catecholamine release in both Chinook
salmon and snapper. Despite plasma catecholamine levels above SOOnMC1 the circulating
half-life in both species was <10 minutes. Changes in cardiovascular variables were
consistent with typical adrenergic effects in teleost fish seen during hypoxia. These results
suggest that anaesthetic induced hypoxia is the proximate stimulus for catecholamine
release in anaesthetised salmon. However, in situ posterior cardinal vein (pCY)
preparations did not secrete catecholamines when exposed to hypoxic saline, suggesting a
higher control centre is responsible for hypoxic catecholamine release, in vivo.
AQUI-S anaesthetic had no direct effect on catecholamine secretion patterns in
field stimulated PCY preparations. However, in vitro myography experiments and in situ
perfused tail preparations indicated that both AQUI-S and MS222 are potent vasodilators
of peripheral vessels in salmon.
Although anaesthesia per se does not stimulate catecholamine release in salmon,
anaesthetic induced hypoxia does. Direct effects of anaesthetics on blood vessels may
antagonise the actions of catecholamines released during hypoxia. This could have
significant effects on cardiac return and gill perfusion patterns.
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1 General introduction.

Chapter 1
General Introduction.
New Zealand has a well-developed and intemationally established commercial
fishing industry. Worldwide, the demand for seafood is increasing to the extent that it is
the fastest growing food sector in the world. Per annum, seafood sales increase at a rate of
over 10% compared to other food seetors (GESAMP, 1997; NIWA website, 2003).
Export revenue from the seafood industry accounted for over $170 million dollars of New
Zealand's export revenue in 1999 with salmon product export accounting for 35% of the
total (NIWA website, 2003; SeaFIC NZ web site, 2003). Three species of salmon have
been successfully introduced into New Zealand, Chinook salmon (Oncorhynchus

tshawytscha), Sockeye salmon (Oncorhynchus nerka) and Atlantic salmon (Salmo salar).
Of these species, only Chinook salmon are successfully farmed. New Zealand's first
commercial salmon farm was established in 1976 in Golden Bay and there are now 14 ongrowing sites with 12 hatcheries and fresh water sites throughout the country (SeaFIC
website, 2003). This represents approximately 60 hectares of falm, mostly found in the
Marlborough sounds at the top of the South Island. All fresh water fisheries are found in
the South Island and the existing capacity of the industry is about 10,000 tonnes with the
ability to expand to 14,000 tonnes over the next decade (SeaFIC website, 2003). In 1997,
New Zealand accounted for 9700 tonnes of worldwide Chinook salmon production
(SeaFIC website, 2003). The aquaculture industry therefore, is one of the fastest growing
sectors of the economy and has the potential to represent an increasingly significant
proportion of New Zealand's expOli earnings.

Fish farming is similar to other livestock management with respect to
maintenance of brood stock, hatcheries and quality of end product (Ross and Ross, 1984;
Burka et a1., 1997). The distinctive physiology of fish and their close contact with their
environment present unique challenges for aquaculturists. Handling of fish both in and
out of the water often creates great difficulties. Due to their intimate contact with the
environment, fish are extremely sensitive to extemal stressors such as water pH, oxygen
content and changes in temperature. Fish also respond violently to handling and their
characteristic struggling during capture and handling has strong effects

011
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physiology and behaviour (Ross and Ross, 1984; Wendelaar Bonga, 1997). Physiological
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stress upon removal from water can be compounded by the risk of serious abrasion and
mechanical shock, especially with large groups of struggling animals (Ross and Ross,
1984). Even minor damage to the skin or gills can result in an imbalance in ionic
regulation or reduction in blood oxygenation (Wendelaar Bonga, 1997). Mortality during
transport is common due to increased metabolism (as a result of stress), which in turn can
decrease water pH and P0 2 in closed systems (Brown, 1993; Burka et aI., 1997).
Air exposure, crowding and chasing are well known to elicit intense stress
responses from fish (Strange and Schreck, 1978; Laidley and Leatherland, 1988; Morales,
et aI., 1990; Sumpter et aI., 1993; Reid, et aI., 1994; Perry, et aI., 1996; Wendelaar Bonga,
1997). Stressors have two fold actions; 1/ they produce effects that threaten or disturb
internal homeostatic equilibrium and 21 they elicit a set of behavioural and physiological
responses that are compensatory and lor adaptive. However, intense chronic stress may
decrease the adaptive value of the stress response, causing it to become dysfunctional
(Wendelaar Bonga, 1997; Mommsen et aI., 1999). Stress can lead to immediate or
delayed mortalities, and often causes poor feeding reactions. This can inhibit
gastrointestinal function, impairing growth, reproduction and reducing resistance to
pathogens (Ross and Ross, 1984; Wendelaar Bonga, 1997; Mommsen et aI., 1999; Perry
and Bernier, 1999). Studies on the Antarctic charr (Salvelinus alp in us) show that
subordinate fish have significantly lower specific growth rates and digestibility
coefficients offood compared to dominant fish (Olsen and Ringo, 1999).

One of the primary stress hormones, cOliisol, induces gluconeogenisis which
involves deamination of amino acids from the skeletal muscle and increases blood
glucose concentrations (van del' Boon et aI., 1991; Mommsen et aI., 1999). Prolonged
stress which raises plasma cortisol levels in the fish can lead to muscle atrophy, reduced
feeding and inhibition of growth (van del' Boon et aI., 1991; Mommsen et aI., 1999). Also
formation of lactate in muscles due to struggling during stress may result in decreased
meat quality of the final product (Burka et aI., 1997). Additionally, metabolism of the
white muscle of salmonids is influenced by catecholamines, which are the major stress
hormones released during intense or chronic stress (Wendelaar Bonga, 1997; Perry and
Bernier, 1999).
It is, therefore desirable to develop anaesthetic techniques that allow the

transpOliation and handling of fish without impairing their health or commercial value
(Bernier and Randall, 1998). Sedation during transport reduces metabolic rate and
therefore oxygen consumption and also reduces excretion of metabolic products into the
water (Ross and Ross, 1984; Woody et aI., 2002). To try and reduce stress due to
Chapter 1 General introduction.
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handling, it has become common practice to anaesthetise fish prior to manipulation
(Quinn et aI., 1988; Ryan et at, 1993; Bernier and Randall, 1998; Woody et aI., 2002),
Anaesthetics are used for a number of fishery applications, ranging from mild sedation to
prevent damage to fish during transpOli, grading, egg and milt stripping and vaccination
(Ross and Ross, 1984; Brown, 1993; GESAMP, 1997; Bernier and Randall, 1998; Woody
et aI., 2002) through to general anaesthetization for marking, tagging and minor surgical
procedures (Ross and Ross, 1984; Burka et al 1997), Over anaesthesia may also be lIsed
for harvesting large quantities of fish (AQUI -S website, 2003).
The second major group concerned with stress in fish are researchers, The effect
of experimental procedure on the animal is a central question in physiology, Experimental
procedures may have an important impact on the measurements of such parameters as
metabolic rate, blood hornl0ne concentrations and cardiovascular function (Randall,
1962). Factors such as handling and immobilization methods can have a considerable
effect on the rate of oxygen consumption (Fry, 1957, cited in Randall, 1962; Walsh et aI.,
1998). Researchers primarily use anaesthetics in preparing fish for invasive procedures
such as catheterisation or surgical ablation of glands for endocrine, phannacological or
physiological studies (Summelielt and Smith, 1990). In these circumstances, general
anaesthesia is necessary to minimise surgical stress. Mild sedation or immobilisation is
usually required for procedures such as or field collection of animals or field studies of
fragile or dangerous species or treatment of localised infections, fin clipping or measuring
(Healey, 1964; Marking and Meyer, 1985; Woody et aI., 2002).

Techniques of fish anaesthesia
There have been many techniques of anaesthesia described over the past 80 years
ranging from such methods as addition of cocaine or brandy to the water immersing the
fish through to physical methods such as a blow to the head (Healey, 1964). Other more
modern methods include chilling fish with ice, gassing inhalant water with saturating
levels of carbon dioxide (C0 2) gas (Bernier and Randall, 1998) or chemical anaesthesia
(Brown, J 993). However, chilling may not induce a true anaesthetic effect (i.e lack of
pain sensation) (Healey, 1964) and there are specific problems associated with the use of
CO2 anaesthesia that may reduce its efficacy compared to other anaesthetics (Gilderhus
and Marking, 1987). Deep anaesthesia may not be achieved with CO 2 anaesthesia and
stress hOl1nones such as cortisol and catecholamines may be increased significantly with
CO2 anaesthesia (Gilderhus and Marking, 1987, Bernier and Randall, 1998). Blood lactate
levels may also be increased following induction (Bernier and Randall, 1998) and the
concentration of CO2 in the immersing water is difficult to control (Brown, 1993).
Chapter 1 General introduction.
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Figure 1.1 Diagram showing the route of absorption of inhalation anaesthetics in fish. The
anaesthetic drug is dissolved in the water immersing the fish. The drug is then absorbed
across the gill capillary network and travels in the blood to the brain and central nervous
system (eNS). The drug is then distributed to the organs and other tissues via the dorsal
aOlta. (Taken from Ross and Ross, 1984)

The most popular altematives to gas anaesthetics are chemical anaesthetics such
as benzocaine, tricaine methane sulphonate (MS222), etomidate, and ketamine (Brown,
1993; Hill, 1999) Chemical anaesthetics may be administered to fish in several ways
depending on the number of fish and levels of sedation required (Ross and Ross, 1984;
Burka et aI., 1997). Sedation methods include administration of anaesthetic agents in food
pellets, or via intraperitoneal or intramuscular injections (Brown, 1993). These methods
are obviously more suitable for anaesthetising either individual fish or very small
numbers of fish. For large numbers of fish, the most popular choice of anaesthetic
technique has been the use of !inhalation' or 'immersion! anaesthetics (Burka et aI., 1997,
Brown, 1993; Bernier and Randall, 1998). These anaesthetics involve either adding the
fish to a container of anaesthetic solution of desired concentration or the addition of a
specific concentration of raw anaesthetic or volume of concentrated anaesthetic to the
water in which the fish is held (Figure 1.1) (Hill, 1999). This allows rapid absorption of
the anaesthetic across the respiratory epithelia of the gills and into the blood stream and
central nervous system (CNS) (Ross and Ross, 1984; Brown, 1993).
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Anaesthetics used in the present study:
A brief comparison between the properties of MS222 and AQUI-S is shown in
Table 1.1.

MS222
The most well described inhalation anaesthetic is Tricaine Methane Sulphonate,
or MS222, primarily because of its extensive use in research. It was accidentally
discovered when looking for a synthetic substitute for cocaine (Brown, 1993) and is an
isomer of benzocaine with the amine group in the meta position rather than the para
position of the benzene ring (Alpharma, 2003). Additionally, MS222 has a sulphonate
radical making it more soluble but also more acidic in solution (Brown, 1993; Alphanna,
2003). Therefore, when used in solution, MS222 is usually buffered with bicarbonate.
Physically, MS222 is a provided as a fine, white, crystalline powder that is highly soluble
in water (solubility 1g/0.8mL) (Hill, 1999). MS222 is also highly lipid soluble. There is
often an interaction between anaesthetic concentration and the age and weight of fish
(Ross and Ross, 1994).
Known since about 1920, MS222 is classed as a local anaesthetic in mammals but
acts systemically in fish by blocking neuronal sodium (Na+) channels, thereby reducing
transmission of nerve action potentials (Burka et aI., 1997). MS222 is rapidly absorbed by
the gills and has direct actions on the CNS, cardiovascular system, neuromuscular
junctions and ganglionic synapses (Randall, 1962; Pierce and Pierce, 1967; Fromm et aI.,
1971; Lochowitz et aI., 1974; Frazier and Narahashi, 1975; Soivio et aI., 1977; Ross and
Ross 1984; Brown, 1994; Ryan, 1993; Hill, 1999). MS222 is the most widely used
anaesthetic in aquaculture practice today, and its popularity is probably due to its
relatively low cost and ease of use compared to other anaesthetics (Ross and Ross, 1984;
Alpharma, 2003). MS222 is the only chemical anaesthetic agent currently registered with
the United States Food and Drug Administration (FDA) for use with 'food fish'. However,
MS222 has a withdrawal period of 21 days prior to human consumption and therefore it
cannot be used for harvesting meaning other potentially stressful methods must be used
(e.g CO 2 gassing).
Due to its popularity in both aquaculture and research, the physiological effects of
MS222 have been extensively studied in many fish species such as the dogfish, Squalus

acanthias (Pierce and Pierce, 1967) the tench, Tinca tinca (Randall, 1962) the snapper,
Pagrus auratus (Ryan, 1991) the rainbow trout, Oncorhynchus mykiss and Salmo
gairdneri (Fromm et aI., 1971; Lochowitz et aI., 1974; Soivio et aI., 1974a; Soivio et aI.,
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1977; Soivio and Hughes, 1978; Ryan et aI., 1993) the Chinook salmon, Oncorhynchus

tshawytscha (Hill, 1999) and squid (Frazier and Narahashi, 1975).

AQUI-S
AQUI-S was first approved for use with fish and other seafood in 1994. It is the
only anaesthetic designed specifically for use with fish and was developed by the Seafood
division of Crop and Food, a New Zealand Crown Research Institute (Hill, 1999; AQUI-S
website, 2003). Consisting of roughly 50% isoeugenol (a major component of clove oil)
and 50% of a commercial food-emulsifying agent, AQUI-S is a thick viscous golden
coloured liquid, which smells of and appears very similar to liquid honey. Although
soluble in water, it requires good mixing and when added to the inhalant water in high
concentrations, fish often appear to be distressed, responding with strong swimming
movements for several seconds (Hill, 1999). High concentration stock solutions (e.g
above 100ppm) of AQUI-S are unstable in solution after approximately 8 hours and lose
their anaesthetic properties (pers.obs). It has been reported as a biodegradable 'stressless'
anaesthetic that inhibits dramatic increases in tissue lactate levels (Burka et aI., 1997).
Most fishery applications require a concentration of between 15 and 20mgL- 1 and typical
application costs for farmed salmon are 2-3 cents (US)/kg fish harvested (AQUI-S
website, 2003). A major advantage of AQUI-S is the fact it is currently approved in New
Zealand, Australia and Chile for use with seafood with a nil withholding period. As such,
it has been used in New Zealand for the harvesting of salmon since 1994 and is also
widely used for transportation oflobster, eel and other fin fish (AQUI-S.com, 2003).
Studies on fish physiology specifically using AQUI-S anaesthetic are limited.
However, those studies addressing the use of AQUI-S have focussed on efficacy (Iversen
et aI., 2003), tissue accumulation (Kildea et aI., 2004) and effects on cortisol secretion
(Mills 1998; Davidson et aI., 2000; Iversen 2003). It is useful therefore to consider studies
investigating the primary component of AQUI-S, clove oil. Clove oil is a distillate of the
herbaceous parts of the clove tree, Eugenia aromatica, and contains approximately 7090% eugenol (or isoeugenol), > 17% eugenol acetate and up to 5% of Kariofilen 5 (Soto
and Burhanuddin, 1995; Woody et aI., 2002). Clove oil is considered non-mutagenic and
safe by the U.S Food and Drug administration (Woody et aI., 2002). The efficacy of clove
oil has been investigated using several species such as the rabbit fish, Siganus lineatus,
(Soto and Burhanuddin, 1995) the rainbow trout, Oncorhynchus mykiss, (Anderson et al.,
1997; Taylor and Robelis, 1999) and white sturgeon (Taylor and Robelis, 1999). Clove
oil has been shown to induce surgical depth anaesthesia in adult rainbow trout at
Chapter 1 General introduction.
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concentrations of 30mgL- 1 (Prince and Powell, 2000) although mean lethal concentrations
vary widely between species i.e 62mgL- 1 for Chinook salmon versus 526mgL- 1 for white
sturgeon (Taylor and Roberts, 1999). Although clove oil has the advantage of inducing
anaesthesia rapidly when compared to MS222, recovery times of up to 10 times longer
than equivalent MS222 doses have been reported (Keene et al., 1998; Woody et al.,
2002). The recommended dosage of AQUI-S for fishery applications is 17ppm (AQUI-S
product information sheet). Recent studies have shown that at this concentration, AQUI-S
causes prolonged elevation of cortisol levels in both chinook salmon (Mills, 1998) and
immature rainbow trout (Davidson et al., 2000) following 30-minute exposure. However,
Iversen et al., (2003) found that AQUI-S solutions;:::: 20ppm prevented plasma cortisol
elevation in fresh water atlantic salmon (Salmo salar). In the channel catfish (Ictalurus

punctatus) high concentrations of clove oil (200ppm) have also been shown to prevent
cortisol elevation following a 30-minute exposure (Small, 2003). It is important to
remember that AQUI-S is not directly analogous to clove oil. Clove oil does not fully
dissolve in water at temperatures below 15°C (Woody et al., 2002). AQUI-S however
does dissolve below this temperature (personal observation). There are invariably other
differences between the 2 anaesthetics but these are not well described given the
relatively unknown physiological effects of both anaesthetics.

Anaesthetic effects on the Cardiovascular system of Fishes.

Although fish anaesthetics are widely used, specific investigation into their
effects on the cardiovascular system of fish have been relatively limited. Most literature
concerning anaesthetic use has focused on cortisol induced stress responses (Hill, 1999).
Many of these studies present conflicting data in terms of the biochemical and
cardiovascular variables observed (Black 1964 cited in Randall et al., 1965) or they use
spinally transected fish in order to reduce 'noise' on electrocardiograms used to monitor
heart activity (Hill, 1999). Using this technique however, it is unlikely that responses
observed in the animal are indicative of a natural response in the 'whole' animal.
Randall and Smith (1967) investigated the effects of different experimental
procedures on the respiration and circulation of trout, tench, goldfish and salmon. They
concluded that experimental technique had a large effect on these variables, and that
wherever possible experiments should be carried out on unrestrained,

intact,

unanaesthetised fish. Clearly these criteria are difficult to meet. Monitoring of heart rate is
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MS222

AQill-S

o

I
I
o

S-OH

Active Component:
3-Arninobenzoic acid ethyl
ester.
Common Name(s):
TMS
Finquel
TS-222 Sandoz
Tricaine-Sandoz
Solubility in Water:
Highly soluble but forms
acidic solutions.
Requires buffering e.g with
Na2HC03
FDA Rating:

Only chemical anaesthetic
currently approved tor use
with food fIsh but has a 21
day withdrawal period
Background and Uses:
Known since ~ 1920
Discovered when looking for
an alternative to cocaine
anaesthesia
Is a derivative of Benzocaine
Used internationally for
applications such as:
Spawn taking
Fin Clipping
TranspOliation
Research applications
Contra-indications/Precautions:
Can cause hypoglycaemia in
some species
Can be toxic to fish in
saltwater
Has a limited safety margin;
doses above 100ppm can be
lethal
Has obvious physiological
effccts

Active Component:
Isoeugenol
Common Name(s):
AQUI-STM
AQUI-S II

Solubility in Water:
High solubility, but requires
through mixing
Anti-foaming agent required
when used in water with air
stones/pumps
FDA Rating:
Application for approval has
been submitted

Bacll:ground and Uses:
Similar to Clove oil
anaesthetic,
Developed in New Zealand in
the early 1990's specifically for
use with food fish.
Used in New Zealand since
1994 and now Australia for
'rested harvesting' of
salmonids and transpOliation of
other seafood species.
Used in Norway for sedation of
fish during vaccination
Contra-indications/PJ'ecautions:
May cause some initial
initation to fish when used at
concentrations higher than
>50ppm
May have significantly longcr
recovelY times compared to
MS222

Table 1.1 Table showing comparisons between the two commercial anaesthetics, MS222
and AQUI-S.
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possible in unrestrained fish, but blood pressure or any other cardiovascular variables are
impossible to measure without some type of surgelY, restraint, or sedation of the fish. The
aim is to separate effects caused by technique from those due to natural functions.

The catecholamine stress response.
To understand the effects of anaesthesia on fish physiology, it is a necessity to
understand those elements involved in a typical response to stressors. Stressors produce
effects that threaten or disturb internal homeostatic equilibrium. Physiological responses
to a stressor are either specific for a single stressor or a group of related stressors or nonspecific (Wendelaar Bonga, 1997). Although there are many different hormones involved
in a co-ordinated stress response, catecholamines such as adrenaline and noradrenaline
play one of the most dominant roles (Wendelaar Bonga, 1997)
Catecholamines include adrenaline, noradrenaline and dopamine. They are
synthesized in the non-neural chromaffin cells and adrenergic neurons, via a series of
enzymatic reactions. Chromaffin cells are areas of tissue associated with the head kidney
of the teleost (bony) fish. Circulating catecholamine levels have many significant
physiological effects, both direct and indirect. These effects can lead to an increase in or
maintenance of energy turnover and oxygen supply under adverse conditions such as
hypoxia or acidosis (Randall and Perry, 1992). Hypercapnia (increased C02) and hypoxia
can depress glycogen synthesis and increase glycogenolysis (Randall and Perry, 1992) A
rise in circulating catecholamines stimulates glycogen breakdown and maintains glucose
availability (Wood et aI., 1990 cited in Randall and PelTY 1992). Catecholamines also
increase ATP turnover in trout red blood cells during acidotic conditions, e.g. exhaustive
exercise (Walsh, 1998) and playa major role in controlling oxygen delivery to tissues in
teleosts by modulating changes in gill diffusing capacity, increases in erythrocyte number,
volume and intracellular pH and redirecting blood flow (Randall and Perry, 1992). In
many, but not all species of fish, the most significant effect of catecholamines is to
enhance haemoglobin affinity for oxygen during hypoxia. This is achieved by elevation of
+

+

erythrocyte intracellular pH by stimulation ofNa /H exchange across the cell membrane
causing the phenomenon known as red blood cell swelling.
Hypoxia also causes red blood cells to swell. In response to changes in plasma pH
and Hb-0 2 saturation, there are alterations in the Donnan distribution ratios of osmotically
active ions and therefore water (Gilmour, 1998). In teleost fish, the elythrocytes are more
permeable to small anions such as

cr and HC0 3- than Na+ or K+ (Nikinmaa and

Salama,
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1998). Therefore, changes in haemoglobin charge are mainly compensated for by a net
efflux or influx of

cr

(Nikinmaa and Salama, 1998). A decrease in oxygen tension

increases red blood cell (rbc) volume because as haemoglobin binds protons on
deoxygenation, its negative charge decreases and

cr enters the cell (Nikinmaa and

Salama, 1998). Osmotically obliged water follows and the cell swells (Nikinmaa and
Salama, 1998; Gilmour, 1998; Gibson et a1., 2000).
Red blood cells can also swell via a beta-adrenergically stimulated Na+/H+
antiporter in the cell membrane. Stimulated by a rise in the intracellular cAMP
concentration (Nikinmaa, 1990; 200 I) protons are pumped out of the cell in exchange for
sodium ions and again, water follows Na+ and

cr osmotically, causing the cell to

swel1.

However, in this case because protons are being pumped out of the cell, the plasma pH
drops. Maintenance of erythrocyte pH during acidosis protects against the Root shift
(Randall and Perry 1992) allowing continued delivery of oxygen to tissues under adverse
conditions and also maintaining C02 excretion. This is an adaptive response to hypoxia,
as teleost blood has a marked 'Root! shift i.e. a reduction in blood pH leads to a decrease
in oxygen binding capacity. The Root effect can be brought about by CO 2 accumulation
when ventilation is depressed. Unlike mammals, fish capillary endothelium has no role in
C02 excretion. Instead, all C02 transfer occurs through the red blood cell with a tight
coupling of oxygen uptake and C02 excretion (Randall and Peny 1992). This coupling
means that protons released during haemoglobin oxygenation supply protons for
bicarbonate dehydration and therefore C02 excretion (Gilmour, 1998).
a-adrenergic stimulation of the spleen by catecholamines induces the release of
stored red blood cells from the organ during hypoxia and following exhaustive exercise.
This response is dose dependant in hypercapnic trout and is the dominant response
leading to an increase in arterial blood oxygen content (Nikinmaa and Salama 1998).
Catecholamines are also involved in regulation of the healtbeat and stroke volume.
Holmgren, (1977) investigated the possibility of cardiac regulation by circulating
catecholamines in the Atlantic cod, Gadus 111orhua. This study identified the presence of
excitory adrenergic innervation acting on f3-adrenoreceptors in the cod hemi, and
suggested that catecholamine release from chromaffin tissue in the head kidney may have
an important regulatory capacity. Excitory adrenergic innervation has also been
demonstrated in the heart of the marine teleost Gire!la tricuspidata (Montgomery et al.,
1986). Interestingly, Montgomery et al., abandoned the use of MS222 as an anaesthetic
for experiments due to inconsistent results most likely due to autonomic suppression. In
1110St teleost fish, exercise causes an increase in adrenergic tone to the heart and a rise in
Chapter 1 General introduction.
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blood pressure is modulated neurally via a-adrenergic vasoconstriction in the systemic
circulation, but a vasodilation in the branchial circuit (Randall and Peny 1992).

Catecholamine release.
The primary mechanism leading to catecholamine secretion from chromaffin cells
of the teleost head kidney is believed to be increased neuronal stimulation by preganglionic

nerve

fibres.

When

stimulated,

the

release

of

acetylcholine

(a

neurotransmitter) stimulates cholinergic receptors, ultimately initiating a series of Ca2+
dependant events ending in catecholamine secretion (Randall and PelTY, 1992; Wendelaar
Bonga, 1997; Reid et a!., 1998; PelTY and Bemier, 1999). In teleost fish such as the
salmonid family, it is generally accepted that nicotinic receptors are the dominant
cholinoceptor present on chromaffin cells (Reid et aI., 1998). The nicotinic nature of
cholinergic induced catecholamine secretion in teleost fish has been proven in several
studies. The Atlantic cod, Gadus morhua releases catecholamines in in situ preparations
in response to either electrical stimulation of the sympathetic nerves or application of
acetylcholine (Perry and Bernier, 1999). This secretion can be inhibited or stopped by the
of the

addition

ganglionic

blocker

hexamethonium,

which

inhibits

nicotinic

cholinoceptors (Reid et aI., 1998).
However, nicotinic receptors are not the only receptor type found on chromaffin
cells. Across vertebrate families, muscarinic receptors are found to be involved in
stimulation of catecholamine secretion. Indeed they appear to have many different
functions. In many non-piscine vertebrates, stimulation of chromaffin cells with
muscarinic agonists has various effects including both enhancing and inhibiting nicotinic
evoked release, stimulating catecholamine secretion in the absence of nicotinic agonists
or having no effect at all (Reid et aI., 1998). Recently, there has been some evidence to
suggest that muscarinic receptors on the chromaffin cells of fish may also have various
effects on catecholamine secretion. Montpetit and Perry, (1999) used a perfused posterior
cardinal vein (PCV) preparation to determine the relative importance of nicotinic and
muscarinic receptors in catecholamine secretion in the rainbow trout, Oncorhynchus

mykiss. Using various nicotinic and muscarinic agonists and antagonists it was found that
muscarinic cholinergic stimulation enhanced nicotinic evoked secretion. Of note in this
study was the result that noradrenaline and adrenaline secretion did not always follow the
same pattern. When nicotine and oxotremorine (a muscarinic agonist) were administered
together,

adrenaline secretion displayed

a simple additive effect whereas the

noradrenaline secretion nearly tripled under the same conditions (Montpetit and Perry,
1999; Lapner et aI., 2000). When these drugs were applied individually to the preparation,
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little influence on noradrenaline secretion.

Also oxotremorine

administration caused a sustained release of both catecholamines while nicotine-evoked
catecholamine secretion occurred transiently.
Work by Monpetit and Perry, (1999) has been further supported by a recent study
again on the rainbow trout Oncorhynchus mykiss. Lapner et aI., (2000) demonstrated both
in chronically cannulated fish and PCV perfusion preparations that desensitisation of the
chromaffin cell nicotinic receptors in trout does not inhibit catecholamine secretion
during acute hypoxia. The ability of muscarinic or other agonists stimulating
catecholamine release may become impOliant during times when the predominant
(nicotinic) pathway is impeded, particularly during stress.

Aims of this study
The above actions of catecholamines briefly summarize their importance in
teleost fish in terms of homeostatic maintenance in the face of extemal stressors. If these
responses are 'blocked' or 'dampened' by drugs such as those used as fish anaesthetics,
then it is important to understand the physiological consequences. The aim of this
research was to determine whether there was a significant increase in plasma
catecholamine secretion during different levels of anaesthesia and whether increasing
depths of anaesthesia modulated the normal actions of catecholamines in vivo. A further
aim was to elucidate whether anaesthesia itself, or anaesthetic induced hypoxia is the
proximate stimulus of catecholamine release ii'om the chromaffin tissue.
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Chapter 2
Cardiovascular and haematological responses of
Chinook salmon and Snapper during anaesthetic
induction and recovery.

Introduction
As previously described, fish can release catecholamines in response to a variety of
stressors that generally require either a modification of cardiorespiratory function, or
mobilization of energy sources (Reid et aI., 1998; Perry and Bernier, 1999). These
stressors can range from exhaustive exercise to anaemia to acid infusion (Reid et aI.,
1998). Historically, anaesthesia during either experimental or commercial manipulation
has widely been accepted as a strong potentiator of catecholamine release in fish,
particularly salmonids (Randall and Perry, 1992; Wendelaar Bonga, 1997; Reid et aI.,
1998; Perry and Bernier 1999). More recently however, it has become apparent that
catecholamine release in fish varies greatly between species and between stressors.
Indeed, several investigations have indicated that catecholamine release during stress is
most likely due to hypoxemia rather than blood acidosis or direct anaesthetic effects
(Aota et aI., 1990; Iwama et aI., 1989; Perry and Bernier, 1999) and in salmonids occurs
at a critical Pa02 value corresponding to the P so (50% (Hb )-0 2 saturation) (Fievet et aI.,
1990; Randall and Perry, 1992; Reid et aI., 1998)
The majority of investigations into catecholamine release during hypoxia have
focussed almost exclusively on trout (Oncorhynchus mykiss) and have monitored
catecholamine effects on ventilation, blood pressure, heart rate and oxygen transport after
short periods of hypoxia (Holeton and Randall, 1967; Tetens and Lykkeboe, 1988;
Fritsche, 1990; Perry et aI., 1996; Perry and Gilmour, 1996).

The clearance rate and specific half-life of adrenaline and noradrenaline in teleost
fish have been given little attention and have again been mostly limited to the trout
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Oncorhynchus mykiss and cod, Gadus morhua (Mazeaud and Mazeaud, 1973, Ungell and
Nilsson, 1979; Nekvasil and Olson, 1986). Given that the effects of catecholamines
produced during stress in fish can be very long lived, it is surprising that more studies
have not examined cardiovascular and heamatological changes over several hours
following an hypoxic event.
During investigation of the cardiovascular and respiratory effects of several
anaesthetic agents on Chinook salmon (Oncorhynchus tshawytscha) Hill, (1999) found
that during a 5-minute anaesthetic induction with AQUI-S, plasma adrenaline and
noradrenaline levels rose when accompanied by a fall in Pa02. However, those fish
treated with either Metomidate or MS222 showed no elevation in plasma catecholamine
levels despite a fall in Pa02. Construction of a blood oxygen equilibrium curve indicated
that those fish that did release catecholamines did so at a Pa02 value below the P so of the
blood. However, not all blood samples with a Pa02 less than the P so contained elevated
catecholamine levels (Hill, 1999)
Hill's research suggests that anaesthesia per se does not necessarily induce
catecholamine release in the Chinook salmon. The purpose of this study therefore, was to
extend this research and measure circulating catecholamine levels in Chinook salmon
(Oncorhynchus tshmvytscha) in vivo before, during and after induction of anaesthesia.
Measurement of cardiovascular variables such as heart rate and dorsal aortic blood
pressure as well as mean cell haemoglobin concentration and haematocrit allowed the
effects of anaesthesia and/or catecholamines on the cardiovascular physiology of the
whole animal to be monitored.

Methods and Materials
Series 2.1. Cardiovascular changes and haematology of Chinook salmon during
and after anaesthesia.
The Chinook salmon (Oncorhynchus tshawytscha) used in Series 2.1 were
donated from Issac's Salmon Farm, McLean's Island, Christchurch. After transport to the
University of Canterbury in chilled, oxygenated water they were stored in a large (1.5 x
1.5 x 1.5 m), outdoor tank with constantly flowing fresh artesian water. The tank water
came from the same source as that used in the experiments and had a mean temperature of
12.5 ± 2.5°C.
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Experiment 2.1. Measurement of cardiovascular and blood variables of Chinook
salmon during recovery from anaesthesia.
When required, Chinook salmon (1047.0 ± 227.0g, mean ± ISEM, range 844
1562g, n

= 7) were removed from the holding tank with a net and placed in a bucket of

MS222 (100ppm MS222 neutralised with 300ppm NaHC0 3) until surgical anaesthesia
was reached (gill ventilation had stopped). Fish were then placed ventral side up on an
operating sling and a piece of cannula (1 mm OD, 0.5mm ID, approximately 1 m long)
was inselted into the dorsal aorta via the roof ofthe mouth. A small puncture was made in
the tough skin along the midline of the mouth, between the second gill arches, using an
I8-gauge hypodermic needle. An internal trochar (sharpened 0.019 silvered steel guitar
wire, Darco strings) within the cannula was pushed through the hole at a 45° angle until
the tip of the trochar touched the spine. The trochar was then withdrawn, pulling blood up
the cannula. The cannula was moved 10cm into the dorsal aorta and one ml of heparinized
saline solution was slowly injected into the blood vessel. The cannula was exteriorised
through the snout via a larger diameter cannula (1.98 mm OD, 1.02 mm ID, two cm long).
The gills were flushed with aerated MS222 (50ppm MS222 + 150ppm NaHC0 3)
periodically throughout the procedure. The fish were placed in clear perspex experimental
containers (0.95 x 0.15 x 0.15 m) (see Figure 2.1 for experimental set up) with a fresh
running water supply at 12.5°C for 48 hours to recover. The containers were covered with
black polyethene to shield the fish from any external stimuli that may have disturbed
them.

Several cardiovascular variables were monitored before and after induction.
Dorsal aortic blood pressure (DAP, cm H 20) and heali rate (beats per minute, bpm) were
measured by connecting the cannula to a disposable pressure transducer (PVB 6003,
Surgicare LTD, Victoria, Australia) linked to a digital amplifier (Power Lab 400 Quad
bridge, ADlnstruments, Dunedin). This allowed both graphic and digital data collection
on

a computer using appropriate

software (Power Lab

'ChaIt', version 3.4

ADlnstruments). The cannula was also used to extract whole blood samples (300 Ill)
allowing detel1nination of haematocrit (%), mean cell haemoglobin concentration (g.dL- 1)
and plasma catecholamine concentration (11M). After 48 hours the fish were exposed to a
5-minute anaesthetic induction with 60ppm AQUI-S. The anaesthetic solution was
introduced via the same inflow valve as the nOl1nal water supply (Figure 2.1). Snap
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Figure 2.1. Diagram of experimental set-up for series 2.l experiments. After surgelY, fish
were recovered in experimental boxes (1) for 48 hours prior to experimentation. The box
was supplied with constantly fresh flowing tap water (2). The aortic cannula was connected
to a pressure transducer (3). Blood pressure data was digitized using a Powerlab data
acquisition system (4) linked to a laptop (5) which displayed the data graphically and
calculated instantaneous heart rate. When required, anaesthetic solution from a bucket (6)
could be exchanged for the fresh water supply via a 2-way tap (7).

connectors (Nylex) on the hose from the anaesthetic bucket and the experimental tank,
allowed rapid connection to the valve with minimal disturbance to the fish. Prior to
induction, dorsal aortic blood pressure and hemi rate were recorded for two minutes as a
control, and were then continuously recorded throughout the induction period. A resting
blood sample was also taken. Immediately after the induction period, a second blood
sample was taken as above, and blood pressure and heart rate recorded. Blood samples,
dorsal aortic pressure and hemi rate were recorded at intervals over the following 6 hours
post-induction.
For haemoglobin analysis, 101-11 of blood was diluted 100 fold with Drabkins
solution and stored at 4°C until required. Samples were analysed by measuring light
adsorption at A=540 nm against a haemoglobin standard (SIGMA kit, Sigma Chemical
Company, St Louis) using a spectrophotometer (UV Kontron Spectrophotometer 860).
Haematocrit was determined by spinning

60~tl

whole blood in heparinized microcapillary

tubes (Clay Adams, New Jersey) in a Heraeus Haemofuge at 5000g for 5-minutes. The
remaining blood was spun and the plasma collected and stored with EDTA/reduced
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glutathione

(5~ll,

0.2M I 0.2M) at -70°C for less than 2 months prior to catecholamine

analysis.
Plasma catecholamine samples were analysed using high performance liquid
chromatography. To extract the catecho1amines, 105 )ll of plasma was added to 200 )l1
TRIS/EDTA (lM I 50mM) and about 10 mg of alumina. This was mixed thoroughly for

15 minutes, allowing the catecho1amines to be adsorbed onto the alumina. The samples
were then spun for 1 minute, the supernatant removed and the pellet washed for 5 minutes
with 500 )l1 distilled water. This process was repeated twiee to give a total of three
distilled water washes. Finally, the catecho1amines were eluted off the alumina by mixing
with 150 )l1 acetie aeid (0.2 M) and spinning for two minutes. The supernatant was
injected into the column of a high perf0l111anCe liquid chromatograph (HPLC, Shimadzu,
column: C 18, 5 )lm, 4.6mm diameter, 250 mm length, 30°C) with an electrochemical (EC)
detector (L-ECD-6A, +0.6 V). The mobile phase

I

was pumped through the eolumn at

ImLmin-l. A standard curve eomprising of 10, 50, 100 and 500 nML- 1 aliquots of
adrenaline and noradrenaline was made to calculate exact sample eoncentrations.
Standards were made from adrenaline hydrochloride (SIGMA) and L-noradrenaline
bitartrate (Koch-Light Laboratories Ltd.) and were processed in the same manner as the
samples.
Raw data was analysed using a one-way repeated measures analysis of varianee
(ANOVA) with Newman-Keuls post-test analysis. This allowed eomparison of data points
within a group and also comparison between groups. In all eases P :::; 0.05 was used to
indicate a significant difference. Linear regression analysis was performed to investigate
changes in dorsal aortic pressure relating to heart rate, haematocrit or catecholamine
eoncentrations.

Series 2.2.

Effeets of deep anaesthesia and detennination of plasma

catecholamine half-life in Chinook salmon and Snapper.

1

The mobile phase consisted of7.941g tri-sodium citrate, 0.034g EDTA, 0.1

heptane

sulphonic acid (detergent) dissolved in 900 mL of ddH2 0. Acetic acid was added until pH=S.OO.
Finally 100 mL methanol was added and the solution degassed.
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Initially for experiments

111

this series usmg Chinook salmon, a 10 minute

induction with 60ppm AQUI-S was chosen to induce deep anaesthesia. However, the
large size of the fish (mean weight 2412.0

105g, 1 SEM) made them difficult to handle

and very active in the experimental boxes. This lead to the dorsal aortic cannula being
pulled out by 3 fish during the 48-hour rest period before induction. To overcome this, the
initial anaesthesia and surgery in which the fish were cannulated was designated as the
induction event. Fish were

anaesthetized in AQUI-S prior to surgery to maintain

continuity with the series 2.1 inductions.
60ppm AQUI-S took over 25 minutes to produce a satisfactory surgical
anaesthesia (cessation of gill movements). The fish also twitched during the first stages of
surgery and began periodic weak ventilation. A major indicator of deep anaesthesia in fish
is loss of skeletal muscle tone and therefore a higher coneentration of 120 ppm AQUI-S
was used to anaesthetize the fish. This achieved surgical anaesthesia within 10m inutes
and prevented movement during surgery.

Chinook salmon (Oncorhynchus tshawytscha) were donated by Issac's Salmon
Farm, and transferred to their on site hatehery in chilled, oxygenated water. They were
stored in a large round indoor tank (1.5m diameter x 1.5m depth), with eonstantly flowing
fresh water. Both the tank water and that used in the experiments came from the same
source and had a constant temperature of 12°C.

Experiment 2.2.a Measurement of catecholamine release during deep anaesthesia
and surgery and determination of catecholamine half-life in Chinook salmon blood.

When required, Chinook salmon (mean weight 2412
n

± 105g, range 2097-2852g,

6) were removed from the holding tank with a net and placed in a bucket of I20ppm

AQUI-S, until surgical anaesthesia was reached (gill ventilation had stopped). Fish were
then placed ventral side up on an operating sling and a piece of cannula (linm OD, O.5mm
ID, approximately 1 m long) was inserted into the dorsal aorta via the roof of the mouth
using the same procedure as described in series 2.1. To secure the cannula further and
prevent movement in the vessel, the cannula was secured via a single suture of surgical
thread in the skin on the roof of the mouth. A single drop of 'superglue' (Sellys') was also
placed over the opening to the nose cannula through which the dorsal aortic cannula had

Chapter 2 Methods and Materials.

Chapter 2 Cardiovascular and haematological responses of Chinook salmon and Snapper
anaesthetic induction and
19

been exteriorised. This prevented the fish from pulling out the cannula as described
previously (see above).
Immediately after surgery, a

300~tl

blood sample was taken and replaced with an

equal volume of freshwater teleost saline2• The fish was then placed in the same
experimental containers as described in series 2.1 and covered with black polythene.
Dorsal aortic blood pressure (cm H 20) and heart rate (beats per minute, bpm)
were recorded at 10, 20 and 40 minutes post-recovery. Recovery was deemed to begin
when the fish first resumed active (un-assisted) ventilation. Further blood pressure and
heart rate recordings were taken over the next 4 hours post-recovery. Blood samples were
also taken at these times to record haematocrit, mean cell haemoglobin concentration and
plasma catecholamine levels. Blood samples were processed and analysed in the same
manner as previously described in series 2.1. Raw data was analysed using one-way
repeated measures ANOVA with Newman-Keuls post-hoc test. Linear regression analysis
was performed to investigate changes in dorsal aortic pressure relating to heart rate,
haematocrit or catecholamine concentrations. In all cases P

~

0.05 was used to indicate a

significant difference.
The effective half-life of plasma catecholamines present in salmon and snapper
blood was calculated using a one-phase exponential decay model. The determination of
half-life for both adrenaline and noradrenaline using this method was calculated in the
commercial graphing and statistics package GraphPad Prism®, version 3 for windows
(San Diego, California, USA).

Experiment 2.2.b Measurement of catecholamine release during deep anaesthesia

and surgery and determination of catecholamine half-life in Snapper blood.

These experiments were carried out at Crop and Food Research Seafood division,
facilities in Nelson, New Zealand. New Zealand snapper (Pagrus auratus) were obtained
from and held at the Seafood Research unit in large (6.1m 3) darkened fibreglass tanks
supplied with filtered seawater, maintained at a constant temperature of 11°C. Again,

2

Masses for freshwater Teleost saline (gL- 1):

NaCI 7.305g
KCL 0.383g
Na zH zP0 4.2H20 0.1
MgS0 4.7H 20

NaHC0 3 2.520g
Glucose I.OOOg
CaCh.2H 20 O.
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120ppm AQUI-S was used to anaesthetise the fish. On average snapper took 20-25
minutes to reach surgical anaesthesia.
When required, New Zealand snapper (ChrysophfYS auratus) (mean weight 861.3
± 64.6g, (±lSEM) range 653.4-1056.8g, n=7) were removed from the holding tank with a

net and placed in a bucket of 120 ppm AQUI-S until surgical anaesthesia was reached.
Fish were then placed upright, angled on their right hand side and oxygenated 60ppm
AQUI-S flushed over the gills continuously. The morphology of snapper made it
impractical to cannulate the dorsal aorta. Therefore the afferent branchial artery was
cannulated allowing measurement of ventral aortic blood pressure (VAP). The left
operculum was pulled forward to expose the gill arches and the third gill arch isolated
. from the others. A small hole was made in the afferent branchial altery of the third gill
arch with an I8-gauge needle. The hole was on the left hand side, immediately ventral to
the gill lamellae and in the mid-section of the arch. The vessel was then occlusively
cannulated with polyethylene cannula (0.86mmID, 1.27mmOD) and 1 ml of heparinized
marine teleost saline3 slowly injected into the fish. To further secure the cannula a ligature
was tied around the cannula and the arch, taking care not to kink the cannula. A small
blood sample (approx.

300~t1)

was taken at the time when the cannula was secured.

Fish recovered in darkened experimental boxes supplied with filtered seawater
(flow rate approximately 1.5L per minute). Ventral a0l1ic pressure (VAP) and HR were
measured continuously throughout recovery.
Blood sampling regimes and processing were identical to that for Chinook salmon
in experiment 2.2a., with the exception that plasma samples were frozen in liquid nitrogen
for storage. Again, raw data was analysed using one-way repeated measures ANOVA with
Newman-Keuls post-hoc test. Linear regression analysis was performed to investigate
changes in ventral aortic pressure relating to heart rate, haematocrit or catecholamine
concentrations. In all cases P

s

0.05 was used to indicate a significant difference. The

effective half-life of plasma catecholamines present in snapper blood was calculated using
a one-phase exponential decay model. All statistical analysis were performed using the
commercial graphing and statistics package GraphPad Prism®.

3

Masses for Marine Teleost saline (gL"l):

NaCl IO.OOg
KCL O.300g
CaCh,2H 2 0 O.225g
MgS0 4 .7H2 0 O.150g

Glucose 1.000g
HEPES O.580g
NaHEPES 1.980g
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Series 2.1.

Cardiovascular changes and haematology of Chinook salmon during

and after anaesthesia.
Experiment 2.1. Measurement of cardiovascular and blood variables of Chinook

salmon during recovery from anaesthesia.

Following anaesthesia with 60ppm AQUI-S, fish were observed to recover their
righting reflex and response to external stimuli (i.e movement near the experimental
boxes) within 5 minutes of restoration of the water flow. During the following 6 hours,
some fish responded to the presence of people near the experimental box by increasing
swimming movements and occasionally some fish would thrash for a few seconds. Mean
data for dorsal aortic blood pressure (DAP) and heart rate (HR), are presented in Figure
2.2 a & b. Haematocrit (Hct) and mean cell haemoglobin concentration (MCHC) for all
fish used in series 2.1 are shown in Figure 2.3 a & b. Table 2.1 gives numerical values for
all variables, presented as means ± 1 SEM over a 5-minute period at every sample time.
Mean plasma catecholamine concentrations before and after induction are shown in Figure
2.6. All values are given as means ± 1 SEM, with significance levels set at P

0.05 unless

otherwise stated.

Pre-induction DAP was 40.6 ± 3.3 cmH20. On induction there was a 16%
decrease in dorsal aOl1ic blood pressure (Figure 2.2a), which stabilised around 35cmH20
in the last 90 seconds of anaesthesia. However, these changes were not significant
throughout the course of the experimental period.

Prior to induction the mean pre-induction heart rate for all fish was 43.7 ± 3.3
beats per minute (Figure 2.2b). Thronghont induction there was a steady increase in heart
rate, which became significantly different from pre-induction values 3 minutes into
anaesthesia.

After anaesthesia, there was an immediate rise in DAP with values in the first 5minutes all significantly higher than during induction (Figure 2.2a). By 60-minutes
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MCHC

Adrenaline

(bpm)

Hct
(%)

(g.dL"')

(nmoI.L"')

40.6 ± 3.4

43.7 ± 3.3

21.9 ± 2.63

30.31 ± 1.75

3.94 ± 0.49

38.5 ± 2.8

54.6 ± 2.6

49.8 ± 4.8*

49.4 ± 4.6

25.9 ± 2.44* 26.06 ± 1.49

60

47.8 ± 4.7

41.6 ± 4.4+

23.9 ± 2.03

24.84 ± 1.56

4.23 ± 0.53

180

40.8 ± 3.9

47.1 ± 3.6

21.8 ± 1.95

30.32 ± 2.25

2.58 ± 0.62

360

43.3 ± 3.1

50.1 ± 2.9

19,9 ± 1.95

30.90 ± 2.64

3.58 ± 0.45

TIME

DAP

(minutes)

(em H2O)

-5

HR

(pre"induction)

0
(induction)

5

A

3.72 ± 0.34

(post induction)

Table 2.1. Mean values for dorsal aortic blood pressure (DAP), hemi rate, haematocrit (Hct),
and plasma adrenaline levels in Chinook salmon before and after 5-minute anaesthetic
induction with 60ppm AQUI-S. Error values are ± 1 SEM. * indicates a significant difference
(P ::; 0.05, n 7) from pre-induction values. + represents a significant difference (P ::; 0.05, n =
7) from induction values. 1\ represents a significant difference (P :::: 0.05, n=7) from values at 3
and 6 hours recovery. Noradrenaline values are not presented as they occurred at such low
levels.

post-induction blood pressure had decreased to levels just above pre-induction values and
stayed this way over the next 6 hours.

There was a gradual but steady drop in hem1 rate throughout the initialS-minute
recovery period, plateauing in the final 90 seconds to a mean value of 40.7bpm (Figure
2.2b). 60-minutes into recovery, hem1 rate was significantly lower than induction values,
although over the next 6 hours values rose to just above pre-induction values.

Over most of the experiment there was no correlation between heart rate and DAP
(Figure 2.4a). However, at 6 hours post induction there was a significant negative
correlation between heart rate and DAP (Figure 2.4b, r2=0.63, P ::::; 0.05).

Haematocrit increased from a pre-induction value of21.9 ± 2.7% (1 SEM, n
to a post-induction value of 25.9

± 2.4% (1 SEM, n

7)

7) (Figure 2.3a). Throughout

recovery there was a correlation between dorsal a0l1ic blood pressure and haematocrit
0.22, P:S:; 0.01, n=7, Figure 2.5) for all fish indicating the increased haematocrit was at
least partly responsible for the rise in DAP seen after anaesthesia.
By the end of the recovery period, dorsal aOltic pressure and haematocrit had
fallen, retuming to pre-treatment values (Figure 2.2a & 23a respectively).
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During recovery, mean cell haemoglobin concentration (MCHC) decreased,
although not significantly, from a pre-induction value onO.31 ± l.75 g.dL- 1 (1 SEM, n=7)
to a post-induction value of 26.06 ± l.49 g.dL- 1 (1 SEM n = 7) (Table 2.l and Figure
2.3b).

Although there was some variability, plasma catecholamine levels did not rise
significantly post-induction. Both adrenaline and noradrenaline levels remained below
5nmol.L- 1 (Figure 2.6) and were not significantly different from pre-induction levels.
Adrenaline concentrations exceeded those of noradrenaline in the plasma, which is a result
typical of teleost fish (Randall and Perry, 1992).

Series 2.2.

Effects of deep anaesthesia and determination of plasma

catecholamine half-life in Chinook salmon and snapper.
Experiment 2.2.a Measurement of catecholamine release during deep anaesthesia
and surgery and determination of catecholamine half-life in Chinook salmon
blood.

Following anaesthesia with 120ppm AQUI-S all fish recovered their righting
reflex and response to external stimuli within 5-8 minutes following restoration of water
flow. However, several fish occasionally reacted to the presence of people near the
experimental boxes by thrashing violently. Heart rate and DAP values following surgical
anaesthesia are shown in Figure 2.7 a&b respectively. Haematocrit and MCRC data is
shown in Figure 2.8 a&b.

DAP rose initially over the first 15 minutes of recovery from surgery before
stabilizing at a mean of 65cm H 20 for the next 45 minutes (Figure 2.7b). By 120 minutes
post-surgery, blood pressure was significantly lower (P<O.O I) than during the first hour of
recovery. DAP fell to 37cm H 20 for the final 2 hours of recovery.

Throughout the first hour of recovery from surgery, heart rate rose significantly
from an initial mean value of 55bpm in the first 15 minutes to a maximum of 68bpm by
60minutes (Figure 2.7a). However, by 2 hours into recovery heart rate had retul11ed to
initial values, remaining at approximately 54bpm over the next 4 hours. For all fish at all
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times throughout recovery there was no significant correlation between heart rate and
DAP.
Plasma adrenaline and noradrenaline half-life data for Chinook salmon are
presented in Figure 2.10 a&b. Representative graphs of catecholamine half-lives for an
individual fish are presented in Figure 2.9. All fish showed an exponential decline in
circulating plasma adrenaline and noradrenaline levels throughout recovery. The average
concentration of adrenaline measured at surgery was 810.11 ± 172.46 nmol.L-t, with
maximum and minimum concentrations 1397.61nmol.L- 1 and 332.78nmol.L- 1 respectively.
Despite the high plasma levels of adrenaline at surgery, the catecholamine was cleared
rapidly, with the mean half-life for circulating plasma adrenaline in Chinook salmon blood
being 9.27 ± 0.73 minutes (1'2=0.99, Figure 2.10a). The maximum calculated half-life was
11.21 minutes. There was no correlation between half-life and plasma adrenaline
concentration at time of surgery, suggesting that the clearance mechanism was not
saturated.

Plasma noradrenaline concentration followed the same pattern as adrenaline
concentrations throughout recovery (Figure 2.1 Ob). The main difference between the two
catecholamines was the maximum concentration released. Noradrenaline was released at
lower concentrations than adrenaline and had a similar plasma half-life. The mean halflife for noradrenaline in Chinook salmon blood was calculated at 11.33 ± 4.41 minutes
(r2=0.99, Figure 2.1 Ob). The maximum plasma noradrenaline concentration measured at
surgery was 300.36 nmol.L- 1, slightly less than the minimum concentration of adrenaline
measured at surgery.
There was a strong positive cOlTelation (r2=0.67, P<O.OOOl, Figure 2.12) between
plasma concentrations of adrenaline and noradrenaline released during surgery suggesting
a concomitant release of the two catecholamines. Despite several fish struggling violently
in the experimental boxes during the first hour of recovery, there was no evidence of
further significant release of either adrenaline or noradrenaline.

There was no correlation between adrenaline or noradrenaline and DAP, heart rate
or MCRC. There was however a weakly significant positive correlation between
haematocrit and both adrenaline (r2=0.24) and noradrenaline (1'2=0.21) (Figure 2.11 a&b)
During the experiment, two fish pulled out their cannulae before the end of the 4hour recovery period. Therefore statistics presented for haematocrit and MCRC after the
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first hour of recovery represent a group of

Results during the first hour represent a

group of

Haematocrit dropped significantly over the first half-hour of recovery from a
mean value of 40.7 ± 1.0% at surgery to 34.7 ± 1.0% by 30 minutes (Figure 2.8a). There
was a slight increase in Hct at the end of the first hour, but by 120 minutes this had again
dropped significantly below surgical values (P<0.05, n=4).

Mean cell haemoglobin concentration rose steadily throughout recovery from an
initial value at surgery of 19.9 ± 1

-1

through to a final value at 4 hours of 27.3 ±

1

0.79 g.dL- (Figure 2.8b). Haemoglobin concentrations during the first 40 minutes of
recovery were significantly lower than final values at 4 hours recovery.
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Figure 2.2 a&b. Graphs of dorsal aortic blood pressure (DAP,(a)) and heart rate (HR,(b))
of Chinook salmon before (II), during (A) and after (l') 5-minute induction with 60ppm
AQUI-S. * Indicates a significant difference (P S 0.05, n
7) from pre-induction
values.+ Represents a significant difference (P S 0.05, n 7) from induction values.
Values are means ± I sem. Shaded area represents time of induction.

Chapter 2 Results.

Chapter 2 Cardiovascular and haematological responses of Chinook salmon and Snapper
during anaesthetic induction and recovery
27

30

o~25

-

10

35

=a

-

30

Cl

15 -t--------.------'--'--'-"------I
-6
6
o

II

I

I

I

60

160

260

360

Time (minutes)

Figure 2.3 a&b. Haematocrit (Hct,%, (a)) and mean cell haemoglobin concentration
(haemoglobin g.dL- 1, (b)) (means ± lSEM) of Chinook salmon blood before and after 5
minute induction with 60ppm AQUI-S. * denotes a significant difference (P :::;0.005, n=7)
from pre-induction values. + denotes a significant difference from values at 3 and 6 hours
recovery (P :::;0.005, n=7).Shading indicates time of induction.
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Figure 2.7 a&b. Graphs of dorsal aortic blood pressure (DAP) (a) and heart rate (HR) (b)
of Chinook salmon following surgical anaesthesia with 120ppm AQUI-S. * Indicates a
significant difference (P < 0.001, n = 6) from the first 15 minutes of recovery. +
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Figure 2.9 Representative graphs of adrenaline (l1li) and noradrenaline C'f) half-lives for a
single chinook salmon used in series 2.2a. Half-life values are presented on each graph.
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Figure 2.10 a&b. Graphs of mean plasma adrenaline (a) and noradrenaline (b) half-life
in Chinook salmon blood following anaesthesia with 120ppm AQUI-S. Values are
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catecholamines (P 0.001).
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Figure 2.12 Regression correlation between circulating plasma adrenaline and noradrenaline
concentration in Chinook salmon over the fIrst hour following anaesthesia with 120ppm
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Experiment 2.2.b Measurement of catecholamine release during deep anaesthesia
and surgery and determination of catecholamine half-life in Snapper blood.

Ventral aOliic blood pressure and heali rate data for fish used in experiment 2.2b
are presented in Figure 2.13a&b. Haematocrit (Hct) and mean cell haemoglobin
concentration (MCHC) data can be seen in Figure 2.15a&b. All values calculated for the
first 70 minutes of recovery are means ± 1 sem, n=7. In common with gill aliery
cannulation in some other species (e.g. Salmo salar, M.E. Forster, pers. communication)
there was a rapid attenuation of the pulse pressure. This meant that reliable recordings of
VA pressure in all 7 fish could only be made over the first two hours. However, blood
samples were able to be collected via the cannula from 5 fish at later times, despite
difficulties with pressure recordings. Therefore values for any given variable at 2 hours
recovery represents

YAP and heali rates are given only up to 2 hours recovery,

whereas MCHC and Hct data is given up-to 4 hours recovery.

Following surgery, YAP rose steadily and significantly for the first 30 minutes of
recovery from an initial mean value of 31.6 ± 4.9 cm H20 to a maximum of 51.3 ± 4.9 cm
H2 0 by 28 minutes recovery (Figure 2. 13a). Over the next 30 minutes YAP remained
relatively stable, fluctuating around a mean value of 46.1 ± 1.2 cm H20. By 20 minutes
into recovery, YAP was significantly higher than during the initial 15 minutes of recovery
(P < 0.001, n=7) remaining this way for the next 2 hours.
Heali rate also rose steadily throughout the first half-hour of recovery to a
maximum value of 49.6 ± 3.9 bpm by 28 minutes (Figure 2.13b) Indeed, there was a
significant positive regression between YAP and heart rate throughout the first 70 minutes
of recovery (1'2=0.29, P<O.OOI). At 70 minutes of recovery heart rate was 45.4 ± 4.2 bpm.
This value was still higher than the initial heart rate immediately post-anaesthesia of 37.5
± 4.4 bpm.

Haematocrit declined significantly throughout the first 70 minutes of recovery,
from a surgery value of 31.0 ± 0.95% to 21.0 ± 0.81 % by the end of the first hour. All
values after 20 minutes were significantly lower than at the time of surgery (P<0.05, n=7,
Figure 2.15a). By 2 hours into recovery, Hct had begun to recover rising to 23.0 ± 0.54%
(n=5). The decline in Hct seen at 4 hours may be an aliefact of one fish that whose Hct
dropped by 5% from its value at 2 hours. If this fish is excluded fi:om calculation of the
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mean Hct value at 4-hours, the result is 23.2

1.6% (n=4) which is almost identical to Hct

at 2 hours recovery.

In contrast to the increase in Mean cell haemoglobin concentrations (MCHC) seen
in Chinook salmon following surgery, snapper MCHC values were stable throughout the
first 2 hours of recovelY at about 21 g.dL- 1 (Figure 2.15b). The variation in MCHC seen at
30 minutes may be an aItefact as one fish that at this time showed a drop in MCHC of
6g.dL- t compared to its previous value at 20 minutes. There was a rise in MCHC at 4
hours into recovery and although this represents only n=4 fish, all individuals showed an
average increase in haemoglobin concentration of 3.04 ± 0.52 g.dL- 1 from values at 2
hours recovery.

Mean values for plasma adrenaline half-life in Snapper are shown in Figure 2.16a.
Half-lives were calculated over the first 50 minutes of recovery from surgery. The mean
half-life for circulating plasma adrenaline in snapper was calculated as 4.35

3.26

minutes (n=7). As with Chinook salmon, there was an exponential decrease in plasma
catecholamines throughout recovery, despite many fIsh struggling to escape confinement.
By 20 minutes into recovery, plasma adrenaline levels were significantly lower than those
measured at surgery (P<0.05,

Plasma adrenaline values in snapper were

considerably lower than those seen in Chinook salmon. The average plasma adrenaline
concentration measured at surgety in snapper was 149.60 ± 61.85 nmol.L-l, with
maximum and minimum values 390.33 nl1lol.L- 1 aIld 37.02 1111l01.L- 1 respectively.

Only one fish released detectable levels of noradrenaline throughout recovery.
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Figure 2.13.a&b Ventral aortic pressure (V AP) (a) and heart rate (b) following surgical
anaesthesia with 120ppm AQUI-Sin the New Zealand Snapper Pagrus auratus. Due to
difficulties with blood pressure and heart rate recordings, values are given only up-to 2 hours
into recovery. Values are means ± 1 sem. * represents a significant difference (P<O.OOI,
from values during the first 16 minutes of recovery. Values given at 2 hours recovery
represent n=5
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Figure 2.14 Regression correlation between ventral aortic blood pressure and heart rate during
the first 70 minutes of recovery from anaesthesia with 120ppm AQUI-S in New Zealand
Snapper (r2=0.29, P<O.OOl, n=7)
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Figure 2.15 a&b. Haematocrit (Hct, a) and mean cell haemoglobin concentration
(Haemoglobin, b) of snapper blood following surgical anaesthesia with 120ppm AQUI-S.
*denotes a significant difference (P S; 0.001, n=7) from time zero (surgery). Values for the
first 70 minutes represent n=7. Values for 2 and 4-hours represent n=5.
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Figure 2.16 a-c. Mean half-life of plasma adrenaline in New Zealand snapper following
surgical anaesthesia with 120ppm AQUI-S (a). Mean half-life over the first 50 minutes of
recovery was calculated as 4.35 ± 3.26 minutes, n=7. Graphs (b) and (c) show plasma
adrenaline half-lives for 2 individual fish used in series 2.2b., again over the first 50 minutes
of recovery. Calculated half-lives and 1'2 values appear on each graph.
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Discussion
Changes in heart rate and blood pressure.
Response to light anaesthesia.
Published resting values for dorsal aortic pressure in the con-generic speCIes
Oncorhynchus rnykiss, range from 41.9 cmH20 (31.0mmHg)

51.3cm H20 (37 .9mmHg)

(Randall and Pcrry, 1992; Fredricks et aI., 1993; Olson, 1998b), while resting heart rates
range from 32bpm- 48bpm (Lochowitz et aI., 1974; Olson, 1998b). Data for resting DAP
and heaI1 rate in Chinook salmon, gathered under almost identical conditions as those in
the present study and in the same laboratory, give mean resting DAP and heart rate values
as 46.0 cmH20 (34.0mmHg) and 50.8 bpm respectively. Given that pre-induction values
for those fish used in Experiment 2.1 fall at the lower end of published values and below
those previously obtained in the same laboratory with the same species of fish, this would
indicate that despite the invasive ]latme of the surgery and subsequent confinement in
experimental boxes, the fish in Experiment 2.1 were relatively unstressed prior to
induction. This is fUI1her supported by the low plasma catecholamine concentrations prior
to induction.
Chinook salmon in the present study anaesthetised with 60ppm AQUI-S exhibited
similar changes in heart rate and blood pressure to those seen in other species exposed to
brief anaesthesia with MS222. In the rainbow trout, (Lochowitz et aI., 1974; Soivio et at,
1977) tench, (Randall, 1962) several other teleost species (Healey, 1964; Randall and
Smith, 1967; Houston et aI., 1971a) and the spiny dogfish, (Peirce and Peirce, 1967),
exposure to MS222 has been shown to elicit a transient increase in heart rate coupled with
a fall in dorsal aortic blood pressure. Trout anaesthetised with either 40ppm or 100ppm
MS222 exhibited a marked tachycardia above pre-induction values during the first 10
minutes of anaesthetic exposure (Houston et aI., 1971a; Lochowitz et aI., 1974). In the
spiny dogfish, Squalus acanthias, MS222 has also been shown to decrease stroke volume
and cardiac output (Peirce and Peirce, 1967). Prolonged exposure (> 10 minutes) to MS222
in any of the above species resulted in an almost total collapse of cardiac function and the
conclusion that MS222 in usual doses depresses cardiovascular function significantly. The
authors also concluded the initial tachycardia seen is due to stress-induced catecholamine
release, given that administration of beta-blockers such as DCI (dichloroisoprenaline)
prior to anaesthesia abolishes the effect (Lochowitz et aI., 1974).
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Resting levels of adrenaline and noradrenaline have been measured in trout at
between 1-5nmo1.L- 1, with mean resting levels of salmon used in the present study
j

measuring 3.94 ± 0.49 nmo1.L- prior to induction (Table 2). In the present study, there
was no significant increase in circulating catecholamines above 5nmo1.L-1 during shortterm exposure to AQUI-S anaesthesia. Therefore, it is unlikely that the increase in hemt
rate seen during induction in series 2.1 is due to humoral catecholamines exeIting a direct
excitory adrenergic stimulation on the salmon heart.
All veItebrate hemts, although myogenic, are under significant autonomic
influence. The atria mld junctional tissues m'e highly innervated receiving both
parasympathetic (vagal cholinergic) and sympathetic (adrenergic) fibers (Baum, 1977).
Although the distribution of adrenergic innervation may vary between species, in teleost
fIsh the sinus venosus and atrium are typically well supplied with adrenergic nerves,
particularly around the sino-atTial node, whereas parasympathetic fibers tend to
predominate in the ventTicle (Farrell and Jones, 1992). The target of these nerves are a and

Badrenergic receptors expressed on the myocardial cells, although not necessarily all fish
species express both receptors (Olson, 1998b). Whereas the 132 receptors expressed in the
skeletal muscle and vasculature are dilatory, the 131 receptors of the heal1 are excitory and
stimulation of adrenergic nerves leads to cardiac acceleration (BaUIn, 1977; Olson,
1998b). Sympatheic and vagal tone can however vary under certain circumstances. At rest
vagal tone often pre-dominates, although under anaesthesia dogs have been shown to
possess high sympathetic activity with relatively low vagal tone (Baum, 1977). An
increase in the neural adrenergic tone on the heart may account for the increase in heart
rate seen during anaesthesia in the present study. If this were the case, an increase in
circulating plasma catecholamines would not be seen, as there would be no signifIcant
neural 'overflow' into the systemic circulation. The systemic vasculature also receives
significant adrenergic innervation. In rainbow trout, resting systemic resistance is set by
neurally mediated adrenergic tonus (Bushnell et aI., 1992). Increased sympathetic activity
would tend to act on a-adrenergic receptors increasing dorsal aortic blood pressure. This
effect was not seen during induction with 60pm AQUI-S in the present study. Instead,
there was a decrease in dorsal aortic pressure throughout induction with 60ppm AQUI-S.
Low concentrations of AQUI-S have been shown to have a direct effect on both isolated
blood vessels (Hill, 1999) and vascular beds causing a significant vas ore laxation that will
be described in a future chapter. In vivo, direct anaesthetic effects
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the vasculature may

offset increased sympathetic activity to cause an overall reduction in blood pressure rather
than an increase, which might otherwise be expected.
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As well as the heart receiving adrenergic ilmervation, there is also a strong
inhibitOlY cholinergic influence exerted by the parasympathetic fibres of the vagus nerve.
This inhibitory branch of the vagus carries small myelinated cholinergic efferent fibers,
which stimulate muscarinic cholinoceptors. The vagus also carries large myelinated fibers,
thought to be sensory cholinergic afferent fibers (Farrell and Jones, 1992). In vivo the
intrinsic pacemaker rate is generally much higher than the so-called 'resting rate' and is
modified by autonomic activity. The resting rate therefore is a compromise between
adrenergic stimulation and cholinergic inhibition (Farrell, 1981; Farrell and Graham,
1986; Randall and Perry, 1992; Olson, 1998b). In the cod, Gadus morhua the cholinergic
and adrenergic tonus on the heart at rest are approximately 38% and 21 % respectively.
However, following exercise, cholinergic influence falls to 15% whereas adrenergic tonus
increases to 28% (Axelsson, 1988). This response to exercise is seen in most teleost fish
and it is likely that in many species studied, sympathetic excitation combines with a '
vagal release' to speed the heat1 (Satchell, 1991). However, between species there is
variation in cholinergic tonus, e.g trout appear to be under a lesser extent of vagal
inhibition than the cod (Satchell 1991). Even so, it is reasonable to assume that there is
some degree of cholinergic influence on the intTinsic rate in both trout and the con-generic
salmon species.
Anaesthetics act by widespread depression of the central nervous system and in
mammals have been shown to have direct effects on a variety of ion channels including
potassium and calcium channels (both voltage and ligand sensitive) glutamate receptors,
5HT receptors and GABAA channels (Trudell and Bertaccini, 2002). In all species so far
studied, non-immobilizing anaesthetics (i.e local anaesthetic agents) primarily target the
transmembrane protein regions of sodium ion channels and the nicotinic acetylcholine
receptor family (Ragsdale et aI., 1994; Trudell and Bertaccini, 2002). Anaesthetic binding
blocks these channels preventing initial rapid depolarisation of nerve and muscle cells.
Indeed, in mammalian studies, all classical volatile anaesthetics have been shown to reduce
acetylcholine release, supporting the idea that cholinergic cell suppression is at least one
part of anaesthetic action (Shipton, 1999). This action would inhibit the cholinergic branch
of the vagus nerve innervating the fish heart, initiating a 'vagal release' during anaesthesia.
This effect could explain the tachycardia seen during the initial stages of anaesthesia during
induction with 60ppm AQUI-S in the present study. However, Hill (1999) found that
AQUI-S produced significant effects on vagal nerve conduction in Chinook sahnon only
when very high anaesthetic concentrations were used. No significant chronotropic or
inotropic effects were seen using 60ppm AQUI-S in isolated nerve preparations.
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During the last 90 seconds of anaesthesia with 60ppm AQUI-S, salmon heart rate
began to decline. Studies with MS222 on ventricle strips of rainbow trout (Oncorhynchus

mykiss) have shown a direct effect of anaesthetic on the force of contraction (Randall,
1962; Peirce and Peirce, 1967; Ryan et aI., 1993). However, given the relatively low
concentration of anaesthetic used and the short period of anaesthesia in Series 2.1 it is
unlikely blood concentrations of the anaesthetic would have reached a level great enough to
have a direct effect on the heaIt muscle. In the Chinook salmon, AQUI-S has no significant
chronotropic or inotropic effects on the heart except at concentrations 100 times higher
than that required to produce anaesthesia in the whole animal (Hill, 1999). It is possible
that the decrease in heatt rate is due to a developing hypoxemia in the animal. Hill (1999)
found that some AQUI-S anaesthetised Chinook salmon showed a significant decrease in
blood P02 after a 5-minute induction. This was due mainly to a decrease in the rate and
amplitude of ventilation, leading to a state of hypoxemia and initiating a hypoxic
bradycardia. It is possible that this is the case in the present study.
As recovery begins, any effect of hypoxia on the heart rate would be short-lived as
blood P02 increases. The continuing decrease in heart rate throughout recovery probably
reflects the return of normal vagal cholinergic tonus on the hemt coupled with a reduction
in sympathetic tone. This is supported by the fact that heart rate does not fall below resting
values during recovery which might be expected if the fall was due to a hypoxic
bradycardia.
The drop in heart rate may also be an attempt to offset the significant increase in
dorsal aortic blood pressure (DAP) seen at the stmt of recovery. DAP may rise for several
reasons. If there was a direct vasodilatory effect of the anaesthetic on the vascular smooth
muscle of the gill, then DAP might rise as branchial vascular resistance fell. This effect
would be reduced as the anaesthetic is removed from the circulation. An increase in neural
adrenergic tone (see above) could also increase blood pressure. The primary site of
anaesthetic removal from the circulation is likely to be the gill. Blood flow through the gill
is dependent on a number of factors and can be modified both humorally and neurally. In
fish, the gills receive the entire cardiac output and flow is dependent on intrinsic factors
such as ventral aortic pressure and dorsal aortic pressure. Ventral aortic pressure in turn is
detennined by cardiac output, which is the product of heart rate and stroke volume
(Satchell, 1971; Soivio and Hughes, 1978; Olson, 1991; Satchell, 1991; Olson, 1998b). As
heart rate drops, filling timc increases and a rise in end diastolic volume will increase
stroke volume (as per the Frank-Starling "Law of the Heart") (Satchell, 1971; Satchell,
1991; Olso11 , 1998b). This will raise systolic pressure in the ventral aorta and the
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recruitment of the gill lamellae would be beneficial to the recovering animal in two ways; it
would increase the gill smface area for optimal oxygen uptake following hypoxia and allow
for a more rapid removal of the anaesthetic from the blood stream. Given that cardiac
output and gill resistance were not recorded in this study, the above cardiovascular changes
are infelTed from gathered data rather than being quantified. However, Hill (1999) found
that under almost identical experimental conditions and protocols, there was a significant
increase in both cardiac output and stroke volume in the Chinook salmon following light
anaesthesia with 60ppm AQUI-S. Studies examining changes in gill circulation dming
MS222 anaesthesia in the rainbow trout have shown that vasodilation of the secondary
lamellae occurs during induction and continues even through the recovery stage (Soivio
and Hughes, 1978). Normally, branchial vascular resistance increases dming acute hypoxic
exposure, which should act to minimise the effects of ion and water loss across the gill
during a stressed state (Soivio and Hughes, 1978; Satchell, 1991; Randall and Perry, 1992;
Sundin and Nilsson, 1997). It has been suggested that this vaso-constriction is mediated in
part by acetyleholine and in part by a non-adrenergic, non-cholinergic (NANC) substance
such as serotonin, acting on 5HT receptors. As previously stated, local anaesthetics tend to
target these types of receptors causing an effective blockade (Ragsdale et aI., 1994;
Shipton, 1999; Trudell and Bertaccini, 2002). Therefore this might explain a continuing
relaxation of the gill vasculatme through at least the initial stages of recovery, particularly
if the gill is exposed to large quantities of anaesthetic loaded blood from the tissues.

Recovery from Surgical anaesthesia and cannulation.
The response to hypoxia varies between fish species. In teleost fish, hypoxia elicits
a significant increase in both ventral aortic pressure (PYA) and dorsal aortic pressure (PDA)
in 1110st fish species studied (Holeton and Randall, 1967; Fritsche, 1990; Fritsche and
Nilsson, 1990; Satchell, 1991). This increase in blood pressure continues during recovery
and is often coupled with a significant cardio-acceleration following the hypoxic period.
Holeton and Randall (1967) found that in the rainbow trout, changes in PYA were more
marked than PDA post-hypoxia and there was a marked reduction in pulse pressure upon
return to norn10xic water in both vessels. Both Chinook salmon and snapper exhibited
elevated heart rate and blood pressure upon recovery fi'om prolonged anaesthesia and
surgery (PDA in salmon, PYA in snapper). Measurement of these variables prior to
anaesthesia was not possible as cannulation surgelY was included as part of the
experimental protocoL However, it is possible to attempt to extrapolate the changes in
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cardiovascular variables during anaesthesia by looking at the data gathered during
recovery.
Blood pressure in salmon was high at the start of recovery and remained elevated
throughout the first hour of recovery. This suggests the maintenance of hypoxia-induced
hypertension as seen in other species. Heali rate was also high at the start of recovery and
continued to rise over the next hour. This initially high value may be an artefact of
sampling time as recovery was deemed to begin when unassisted ventilation began. It is
possible that had sampling time been earlier, then the final stages of hypoxic bradycardia
may have been observed more clearly than present starting values indicate. However, in the
trout the introduction of fresh oxygenated water after a hypoxic exposure tripled the
observed heart beat within 2 or 3 beats (Holeton and Randall, 1967).
In snapper, PVA rose significantly throughout recovery after initially being low.
Although there was a trend towards an increase in heart rate during recovery, this was not
statistically significant due to large individual variability. In the Atlantic cod Gadus
morhua, a significant increase in <both dorsal and ventral aortic pressure in response to
hypoxia is due to increased adrenergic nervous activity, with circulating plasma
catecholamines augmenting the adrenergic tonus of the systemic vasculature (Fritsche and
Nilsson, 1989). The high concentrations of circulating catecholamines measured in both
salmon and snapper in Series 2.2 are most likely responsible for the elevation of blood
pressure observed in both species. Even though the half-life for circulating plasma
catecholamines in both species was detennined to be less than 10-minutes, adrenergic tonus
on the heart and vasculature may endure for some time post-hypoxia. Also, the effects of
high concentrations of plasma catecholamines may be prolonged relative to their
disappearance from the circulation (S.Egginton, pers.comm.). Circulating catecholamines
may affect sympathetic neuronal activity in two ways; by activating pre-synaptic

~

adrenoreceptors, in turn stimulating neural catecholamine release or by increasing the pool
of catecholamines available for neuronal uptake and release (Xu and Olson, 1993a).
Concentrations of adrenaline as low as Ix 1O·9 M have been shown to prevent fatigue of the
splanchnic nerve in peIfused preparations (Xu and Olson, 1993a). The teleost vasculature is
well innervated by adrenergic neurons and expresses a vast pool of both a and

~

adrenoreceptors (Randall and Perry, 1992). Blood flow through peripheral vessels is
primarily regulated by vasomotor nerves to the trunk vessels. a-receptors predominate in
the trunk vasculature and when stimulated by elevated plasma catecholamine
concentrations, exert a vasoconstriction on the vessels, causing an increase in central blood
pressure (Davie, 1981). As previously suggested, a direct vaso-relaxant effect of the
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anaesthetic may combine with a depression of the CNS to cause a fall in aortic pressure
during anaesthesia. As the anaesthetic is removed from neuro-muscular binding sites
during recovery, the combined effects of increased neural and humoral catecholamine
concentrations may be responsible for a rise in blood pressure. Both species of fish (salmon
and snapper) would also be paying a significant oxygen debt due to the cessation of
ventilation during anaesthesia (Hill, 1999). This debt would be greater in the snapper given
that surgery took sometimes up to three times longer to complete than in the salmon
experiments. This was due to the difficulty of the surgery and problems with blood clotting
even when heparin was used. A higher ventral aortic blood pressure during recovery should
move more blood into the gill lamellae for re-oxygenation and possibly reduce recovery
time.
The low

PYA

seen in snapper at the beginning of recovery is suggestive of a fa]] in

ventral aOltic pressure during anaesthesia. The eel-pout (Zoarces viviparous) exhibited a
decrease in

PYA

during a 5-minute hypoxic exposure, coupled with a typical hypoxic

bradycardia (Fritsche, 1990). However, in contrast to other species there was no significant
increase in blood pressure on return to normoxia, although there was a rise in heart rate.
Treatment with atropine (a muscarinic cholinoceptor agonist) prevented hypoxic
hypotension in Z. viviparous and at the same time provoked a positive chronotropic
response on the heart (Fritsche 1990). Similar results have been reported for
elasmobranchs. Hypoxic hypotension in the dogfish Scyliorhinus canicula is likely due to a
reduction in cardiac output, since atropine treatment abolishes the response (Butler and
Tay lor 1971, cited in Fritsche 1990). Given the significant positive correlation between
heart rate and

PYA

in snapper throughout recovery, it is possible that in this species also, a

drop in cardiac output due to a reduced heart rate is responsible for a hypotension during
anaesthesia. As noted previously PVA is dependent on heart rate. Negative chronotropic
(and possibly inotropic) effects of the anaesthetic and subsequent hypoxia on the snapper
heart would reduce cardiac output and

PYA.

This relationship between

P VA

and heart rate

also explains a component of the rise in PYA seen during recovelY in snapper.
In Chinook salmon there was no correlation between heart rate and PDA during
reeovery from deep anaesthesia, although both tended to rise. The significant rise in heart
rate following anaesthesia and surgery is most likely due to the effect of high plasma
catecholamine concentrations coupled with increased neural adrenergic tone. In the present
study, salmon exhibited a significant negative correlation between heart rate and PDA six
hours following 5-minute induction with AQUI-S. This might indicate the return of a
funetional baroreflex following anaesthesia. This result was not seen in fish that had
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undergone deep anaesthesia with 120ppm AQUI-S. Heart rate remained relatively high
(when compared to similar sized fish used in previous experiments) in these fish for at least
4 hours following induction. This suggests a long-term effect of high catecholamine
concentrations
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the heart and may be related to catecholamine accumulation and

degradation (see following discussion).
The different relationships between heart rate and blood pressure in salmon and
snapper may reflect differences in the way the two species regulate blood pressure in the
face of environmental hypoxia. Fresh water adapted chinook salmon might be expected to
encounter hypoxic conditions at some stage during their life-cycle whether due to
fluctuations in water temperature, exposure to environmental toxins or living in land locked
habitats. Snapper however, are a marine teleost and as such are far less likely to encounter
periods of even moderate hypoxia. Therefore differences between the two species with
regards mechanisms to control blood pressure during hypoxia might not only be expected,
but also a reflection of their natural environments.

Properties of the blood during anaesthesia.
In all experiments there was a rise in haematocrit (Hct) whether compared to preanaesthesia values (where measured) or published normal values for either salmon or
snapper. Hct in Chinook salmon has been previously measured at 25-30% (Hill, 1999)
while values for snapper have been published to range anywhere from 26-54% (Canfield
et aI., 1994). In salmon, the decrease in Hct during recovery was coupled with an increase

in mean cell haemoglobin concentration (MCHC) in both Series 2.1 and Series 2.2.
Although snapper showed an elevated Hct at the start of recovery, MCHC remained
relatively stable throughout the first 50 minutes of recovery, before rising gradually over
the next 4 hours. Haematocrit is defined as the proportion of red blood cells expressed as a
percentage of a centrifuged sample of blood (Satchell, 1991). Blood viscosity is related to
Hct and therefore so is vascular resistance. Because the heart must generate blood pressure
to overcome vascular resistance, the blood pressure is also in tum related to Hct. This is
illustrated in Figure 2.5. which shows a significant positive correlation between PDA and
Hct in salmon anaesthetised in 60ppm AQUI-S.
Hct and haemoglobin (Hb) content of the blood (of which MCHC is an effective
measurement) tend to be correlated:- few red cells means there is less haemoglobin in the
blood. During hypoxia an accumulation of CO2 in the blood gradually decreases blood pH
due to the hydration of CO2 to bicarbonate and protons. This decrease in blood pH the
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affinity of Hb for oxygen. This is known as the Bohr effect. Fish blood also exhibits a
marked Root effect whereby the ability of the blood to become fully saturated, regardless
of blood oxygen content, is significantly impaired in the face of low pH. Some fish have
been shown to have such a significant Root effect blood that their blood cannot become
fully saturated even at pressures as high as 100atm (Satchell, 1991). Trout and salmon
blood are well known to exhibit a Root effect but the ability of salmonid erythrocytes to
swell acts to offset the effects of pH on lIb-02 binding (Nikinmaa, 1990). The exaet
mechanisms of erythrocyte swelling in fish will be discussed in detail in the following
chapter. However, a brief outline is offered below. When ventilation is depressed, e.g
during anaesthesia, CO2 accumulates in the blood, lowering intracellular pH. Under normal
physiological conditions, the red blood cell (rbc) is more acidic and has a lower Na+
concentration than the plasma (Fievet and Motais, 1991). However, a net increase in proton
concentration in the rbe stimulates the activation of a N a+/W exchanger expressed on the
1

cell membrane. When the exchanger is activated, Na

enters the cell down its

electrochemical gradient and is exchanged in equal numbers with protons. To allow the cell
to remain electrochemically neutral, chloride ions enter the erythrocyte via the HC03

/

cr

anionic exchanger. The net result is the transport ofNaCI into the rbc coupled with osmotic
water entry. Hence, the cell swells (Fievet and Motais, 1991; Nikinmaa and Salama, 1998).
The advantage of swelling is that it effectively dilutes organic phosphates (in fish,
primarily GTP) that competitively and strongly bind to lIb (Nikinmaa, 1990). This is
reflected by a reduction in MCHC as the Hb has effectively been diluted as the cell swells.
This form of erythrocyte swelling is non-adrenergically mediated.
In teleost fish, the liberation of catecholamines into the eirculation can also initiate
erythrocyte swelling via ~-adrenergic stimulation of the Na+ M antiporter. Hydrogen ions
are pumped out of the cell and the plasma becomes acidified, while the interior of the red
blood cell becomes alkaline. Again water follows by osmosis and the cell swells (Satchell
1991; Gilmour, 1998). Both these mechanisms maintain oxygen binding and offset the
Root effect of teleost blood. Erythrocyte swelling effectively increases the Hct due to the
increased volume of the red blood eells relative to plasma. Hct can also be elevated by
directly increasing the number of red blood cells entering the circulation. This is mediated
via a-adrenergic contraetion ofthe capsule of the spleen, which contains a rich store of red
blood cells (Nilsson et aI., 1976). In hypercapnic trout, this contraction is dose dependent in
relation to circulating plasma catecholamines (Perry and Kinkead, 1989). In teleost fish,
splenic contraction is the primary cause of alterial blood oxygen increase during
hypoxemic induced elevation of circulating catecholamines (Randall and Peny, 1992).
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Given the low concentrations of plasma catecholamines measured in Series 2.1 it is
likely that erythrocyte swelling was due to respiratory hypoxia and CO2 accumulation in
the blood. It is not attributable to direct adrenergic stimulation of the Na+IW antiporter on
the red blood cell. However, in series

red blood cell swelling in salmon blood occurs in

the presence of high concentrations of both adrenaline and noradrenaline. In this case, it is
probable that blood cells were sequestered from the spleen and then underwent
adrenergically mediated cell swelling. In salmon, hct at the start of recovery £i'om surgical
anaesthesia was 42%, whereas it peaked at only 26% following light anaesthesia.
In snapper however, the high Hct seen post-anaesthesia was not coupled with a
proportionally low MCHC. In fact, MCHC remained relatively stable over the initial hour
of recovery before gradually increasing as Hct decreases. Again this is indicative of splenic
contraction during induction and release of red blood cells into the circulation, rather than a
significant red blood cell swelling. In a number of teleost species, including tench and carp,
the Na+~ antipOlter is not influenced by catecholamines (Koldkjrer Knudsen and Jensen,
1998) and snapper may be included in this group.

Clearance of circulating plasma catecholamines.
The plasma half·life for circulating catecholamines reported in salmon in this study
agrees with that repOlted in the rainbow trout by Nekvasil and Olson (1986) of less than 10
minutes for both adrenaline and noradrenaline. Ungell and Nilsson (1979) also reported a
rapid disappearance of plasma catecholamines (under 10 minutes for adrenaline) in the
Atlantic cod Gadus morhua. However, Mazeaud & Mazeaud (1973) found that in trout, the
half-life of an injected dose of adrenaline or noradrenaline was 65.8 minutes and 163
minutes respectively. In all these studies, half-life was determined by injection of
radioloabelled catecholamines, either intra-arterially, (Nekvasil and Olson, 1986; Ungell
and Nilsson, 1979) or via intra-peritoneal injection (Mazeaud & Mazeaud 1973). Mazeaud
& Mazeaud (1973) calculated the half-life based on metabolism and excretion of

catecholamines.
Cateeholamines released into the circulation are rapidly cleared by a combination
of tissue accumulation/binding and metabolic degradation. In the atlantic cod, Gadus
morhua, there is a bi-phasic disappearance of radiolabelled catecholamines £i'om the

plasma, with an initial fall followed by a slow decline (Ungell & Nilsson, 1979). This is
also the case in other species studied such as the Goldfish (Carassius auratus) and the
rainbow trout (Salmon gairdneri) (Busaeker & Chavin, 1977; Nekvasil & Olson, 1986).
The initial rapid phase predominantly reflects uptake into the tissues, while the slow phase
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indicates subsequent release, catabolism and excretion (Ungell & Nilsson 1979). Therefore
a determination of catecholamine half-life based solely on measurement of plasma
disappearanee alone does not take into account uptake of circulating adrenaline and
noradrenaline by various tissues and the generation of various catabolites. This could
account for the discrepancy between the reported half-lives for adrenaline and
noradrenaline in the rainbow trout.

In the current study, it was possible to fit a single decay line to individual fish. This
indicates that it is unlikely that there was any further substantial release of catecholamines
into the circulation following surgery. This supports the idea that the catecholamine release
is episodic in this species, which is apparent from studies on perfused cardinal veins to be
reported in chapter 4. Following surgery, some fish struggled violently to escape
confinement from the experimental boxes. This situation could be deemed as 'stressful'.
Perry and Bernier (1999) have concluded that only severe stress will elevate plasma
catecholamines. Their release does'not appear to be a graded response along a continuum.

Catecho1amine metabolism.
The removal of plasma catecholamines can occur either by excretion of the drug or
uptake by organs, where the amines are broken down to the corresponding metabolites.
There are two major enzymes involved in the breakdown of eatecholamines; monoamine
oxidase (MAO) and catechol-o-methyl-trallsferase (COMT). These produce deaminated
and O-methylated catabolites respectively (Randall & Perry 1992). COMT metabolites are
seen in the plasma before those attributed to MAO due to the faet COMT is a cytoplasmie
enzyme whereas MAO is found in the mitochondria. A brief outline of cateeholamine
catabolism can be seen in Figure 2.17. In rainbow trout, it is unclear as to the relative
importance of deamination versus O-methylation with regards to deactivation of
biologically active catecholamines. Ungell & Nilsson (1979) found that in the cod, 0methylation was the pre-dominant pathway although .to a lesser extent than determined in
the rainbow trout (Mauzead & Mauzead, 1973). In contrast, Nekvasil & Olson (1986)
found that deaminated catabolites were predominately found in rainbow trout suggesting a
predominance of MAO initiated degradation. The authors state however that the major
urinary catabolites in trout, MHPG and VMA (refer Figure 2.17) are actually formed from
the enzymatic activity of both MAO and COMT and can therefore be regarded as both
deaminated and O-methylated catabolites. If this is the case then pooling of these
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metabolites with other deaminated products would tend to overestimate the role of
deamination in the experimental animal (Nekvasil & Olson, 1986).
In the current study, measurements of tissue uptake and urinary excretion were not
performed so COMT versus MAO pre-dominance cannot be reliably commented on.
However, it is reasonable to assume that catecholamine degradation and catabolism in the
salmon follows a similar trend as that seen in the rainbow trout.

There are several tissues in teleost fish that have been shown either directly, or
indirectly to have significant MAO and COMT activity, including the gills, liver and
kidney. Direct assay of the MAO enzyme from the tissues of rainbow trout indicated that
the intestine exhibited greatest MAO activity, followed by the liver and brain (Edwards et
a!., 1986). The un-differentiated kidney displayed the least MAO activity although it had a
high Km value (Edwards et a!., 1986). Nekvasil & Olson (1986) found that on a per gram
basis the spleen and kidney of the rainbow trout concentrated more radio-labelled
adrenaline or noradrenaline than any other tissue studied. In the atlantic cod the greatest
uptake was found in the posterior cardinal vein (chromaffin tissue), head kidney, kidney,
heart and gill (UngeU, 1985).
There are two methods by which tissue can accumulate catecholamine from the
plasma, neuronal (type I) or extraneuronal (type 2). Neuronal uptake involves the
absorption of catecholamines by adrenergic nerve terminals where the amines are either
metabolised or packaged into secretory vesicles as neurotransmitters. Extraneural uptake
refers to the accumulation by non-neural tissues for metabolic degradation (Randall &
Perry, 1992). The significance of a particular organ to catecholamine metabolism

IS

dependent on several factors at anyone time. These include innervation density, blood
flow, relative mass, endogenous catecholamine stores of the tissue and affinity of the
degrading enzymes for catecholamines (Ungell, 1985, Randall & Perry, 1992). For
example, although the liver in both trout and cod has been shown to accumulate only a
small percentage of radiolabelled amines relative to the kidney, its mass may represent up
to 4% of total body weight versus 0.1 % for the head kidney (Ungell, 1985). Coupled with
this is the fact that in rainbow trout, the liver has been shown to have a far higher MAO
V max (maximal reaction velocity) than the kidney (1.89 ± 0.25 and OAO ± 0.08 flmol/g/hr
respectively). However, the Km of the kidney is significantly higher than that of the liver.
This fact coupled with a low Vmax suggests that MAO present in the kidney is less
efficient at deamination of catecholamines than other tissues (Edwards et a!., 1986). The
significant accumulation of catecholamines in the kidney could be due to passive diffusion
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Figure 2.17. Diagram showing an outline of catecholamine metabolism in teleost fish.
Catechol-O-transferase (COMT) breaks down adrenaline and noradrenaline to either MN
(metanephrine) or normetanephrine (NMN) respectively. These products can then be
conjugated and excreted, or O-methylated via MAO to MHPG or MOPEG (3-methoxy-4hydroxyphenylglycol) or VMA (3-methoxy-4-hydroxymandelic acid). Alternately,
monoamine oxidase (MAO) converts adrenaline and noradrenaline to DHMA or DOMA
(3,4-dihydroxymandelic acid). These can then be converted to VMA via COMT before
excretion. (modified from Nekvasil & Olson (1996».
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rather than a neuronal uptake by the chromaffin cells, which exhibit little or no specific
neuronal uptake (Ungell, 1985).
Skeletal muscle may also represent a biological 'sink' for elevated catecholamine
levels. In the atlantic cod and rainbow trout, skeletal muscle can account for up to 67% of
total body mass and due to its large size, can accumulate over half the total amines
absorbed by all tissues (Nekvasil & Olson, 1986), representing an important tissue for the
deactivation of catecholamines. Uptake into vascular smooth muscle likely accounts for
any active uptake of catecholamines in the skeletal muscle. There is also a component of
passive diffusion into the muscle due to the low endogenous levels of adrenaline and
noradrenaline (Ungell, 1985).
Possibly the most significant site of catecholamine excretion is at the gill. Due to
the 'single circuit' circulation of the fish, the entire cardiac output perfuses the branchial
tissues (Nekvasil & Olson, 1986) and the gills are the only organ whose microcirculation is
in direct series with the systemic system. Therefore, the gill ean be exposed to high
concentrations of inflowing catecholamines and must have some mechanism of coping with
these amines. Although excretion is not as rapid as direct tissue uptake it is important in
lowering the total amine content in the whole animal (Nekvasil & Olson, 1986). The major
function of the gill in regulation of plasma catecholamine levels is the deactivation of
adrenaline and noradrenaline via removal from the plasma and/or metabolism to inactive
products (Colletti & Olson, 1988). Studies on the perfused gill of the rainbow trout have
shown they are highly efficient at extracting and metabolising plasma catecholamines,
deactivating over 70% and 60% of a 10-6 noradrenaline and adrenaline bolus within 20
minutes, respectively (Colletti & Olson, 1988).
Extraction efficiency of the gill appears to be augmented in the face of increasing
plasma catecholamine concentrations. During perfusion with 10-6M catecholamines, the
extraction of measurable amines was 75-80%, whereas during 10-8M perfusion, extraction
was around 65-70% (Colletti and Olson, 1988). The reasons suggested for this are either
increased diffusive loss of catecholamines across the gill epithelium, inability of HPLC to
detect unknown metabolites in the gill effluent or an enhanced extraction during a high
catecholamine challenge. Although further studies will hopefully elucidate this possibility,
it could be advantageous for the gill to extract catecholamines from the plasma in a
somewhat dose dependent manner.
Given that in the present studies blood samples from snapper were obtained prior
to the gill and salmon blood was sampled post-gill, it might be expected that snapper blood
would contain higher conccntrations of plasma catecholamines. This was not the case. It is
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possible that snapper have a less well-defined catecholamine response to hypoxia than
salmon and therefore simply release lower concentrations of catecholamines during
hypoxia. This would be feasible given that snapper are highly unlikely to encounter
hypoxic situations during their nonnal life cycle and might rely more heavily on
behavioural rather than hormonal mechanisms to deal with reduced PW02 ' However, it is
also a possibility that adrenoceptors in snapper have a higher affinity for catecholamines
than salmon. If this is the case, then it would take a lower concentration of catecholamines
in snapper blood to elicit the same response as a higher concentration if catecholamines in
salmon blood. Another possibility is that due to the extended time taken for surgery,
plasma catecholamines may have begun to be eliminated by the gill (which was constantly
ilTigated) and/or absorbed by various tissues. Therefore the initial blood sample might not
accurately reflect peak circulating plasma catecholamine concentrations.

In many teleost species studied, there is a significant difference in thc way tissue

accumulate noradrenaline versus adrenaline. Goldfish, cod and rainbow trout tissues all
cxhibit a preference for noradrenaline uptake over adrenaline accumulation (Busacker &
Chavin, 1977; Ungell, 1985; Nekvasil & Olson, 1986). Ungell (1985) argues that the
preferential accumulation of noradrenaline in the PCV and head kidney of the atlantic cod
may be due to restriction of adrenaline uptake as the tissues already contain high
concentrations of stored adrenaline. As adrenaline is the pre-dominant catecholamine in
many teleost species (Randall and Perry, 1992) there may be several mechanisms acting to
specifically remove noradrenaline from the circulation. If adrenaline is the most effective
catecholamine in teleosts, specific uptake of noradrenaline will reduce competition for
binding sites between the two amines. This would allow a maximal expression of the
sympathetic response to adrenaline (Nekvasil and Olson, 1986). Alternatively, or

111

conjunction, noradrenaline may in fact be accumulated by some tissues in order to
replenish catecholamine stores and serve as a substrate for the formation of further
adrenaline. It is possible that this is the case in mammals, where noradrenaline is
selectively removed from the circulation while adrenaline is not (Ginn & Vane, 1968, cited
in Nekvasil & Olson, 1986).

In the prescnt study, the half-life of noradrenaline in salmon plasma was longer
than that calculated for aru'enaline in the same experimental animals. In the eod, goldfish
and rainbow trout, noradrenaline tissue accumulation was maximal by approximately 8
minutes post-injection of labelled amine (Ungell & Nilsson, 1979; Buschaker & Chavin,
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1977; Ungell, 1985), and calculated plasma half-life was less than 10 minutes (Nekvasil &
Olson, 1986). Although the initial blood sample for catecholamine determination in thc
study was taken at surgery, the following sample was taken when the fish began ventilating
unaided. This was in excess of 10 minutes for some fish and this could mean that the initial
rapid phase of noradrenaline disappearance from the plasma was not measured. However, 3
individuals showed plasma noradrenaline half-lives of less than 9 minutes, which is closer
to other published values. The mean noradrenaline half-life value of approximately II
minutes may represent the end of the rapid phase of disappearance and the strut of the
gradual phase, similar to that described by Ungell & Nilsson (1979).

Catecholamines are important circulating hormones that during times of acute
stress and hypoxia are important in maintaining adequate tissue oxygenation in teleost fish.
However, the high plasma concentrations that can be released need to be rapidly cleared
before their advantageous actions are offset by their detrimental actions. This study, and
those on the rainbow trout and Atlantic cod have shown that these species are highly
efficient at lowering plasma catecholamine levels, even in the face of micro-molar
concentrations. This is achieved through a combination of absorption, excretion and
metabolism by body tissues. Tissue accumulation is dependent on several factors, and
rapidly accumulating tissues probably receive a substantial portion of cardiac output, such
as the gill. The relative proportion of adrenergic innervation is also likely to be of
impoltance (Ungell, 1985). There appear to be subtle differences in the relative importance
of individual tissues in catecholamine metabolism between species, along with the primary
mechanism of metabolism. Regardless of these differences, it is plainly apparent that
teleost fish have developed well regulated and effective mechanisms to adjust plasma
catecholamine levels, thus allowing them to maintain optimal cardiovascular function
during adverse conditions.
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hapter 3
Effects of hypoxia on In situ catecholamine
release and the red blood cells of Chinook
salmon.

Introduction
Recent studies have implicated the importance of arterial blood oxygen content in
stimulating the release of catecholamines into the circulation. This release seems to
correspond to a reduction of (Hb)-02 saturation of approximately 50% i.e. the Pso value
(Perry and Reid, 1994; Perry and Bernier, 1999). This appears to be the case for several
fish species including the rainbow trout and the American eel (Reid et aI., 1998).
Although in these species, cateeholamine release occurs at markedly different Pa02
values, these conespond with the specific PSG of the blood for each species. These results
indicate that it is more likely to be a decrease in actual blood oxygen content than a fall in
oxygen partial pressure that is the proximate stimulus for catecholamine release under
hypoxaemic conditions (Perry and Bernier, 1999). However, several studies have put
forward a strong correlation between blood lactate levels and catecholamine release
(Boutilier et al., 1986; Aota et al., 1990). There is some contention as to whether these
studies represent reality in terms of what is considered normal fish behavior (Reid et al.,
1998). Classic 'stress' studies that aim to induce blood acidosis along with high
catecholamine release often employ methods such as chasing fish to exhaustion or tail
grabbing. These methods involve constant interaction with the fish, which in turn can
cause severe stress responses to occur. Also, it is unlikely that fish in the wild would
repeatedly swim to physical exhaustion. However an exception to this may occur during
spawning where salmon are known to climb up dams that block their home rivers. It
would seem disadvantageous for high lactate levels, a situation the fish would only rarely
be exposed to, to be the main stimulus for catecholamine release. This idea is supported
by a recent study indicating that blood acid-base status does not directly affect
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catecholamine secretion or the blood oxygen content threshold for catecholamine release
during hypoxia (Julio et aI., 1998). It may however modulate the secretory process
specifically in response to nicotinic receptor stimulation of chromaffin cells.
In teleost fish such as the salmonid family, it is generally accepted that nicotinic
receptors are the dominant cholinoceptor present on chromaffin cells (Reid and Bernier,
1998). The nicotinic nature of cholinergic induced catecholamine secretion in teleost fish
has been proven in several studies. The Atlantic cod, Gadus morhua releases
catecholamines in in situ preparations in rcsponse to either electrical stimulation of the
sympathetic nerves or application of acetylcholine (Nilsson et aI., 1976; Montpetit and
Perry, 1999; Perry and Bernier, 1999). This secretion can be inhibited or stopped by the
addition of the ganglionic blocker hexamethonium, which inhibits nicotinic cholinoceptors
(Reid and Bernier, 1998).
Nicotinic receptors are not the only receptor type found on chromaffin cells.
Across vet1ebrate families, muscarinic receptors are found to be involved in stimulation of
catecholamine secretion and knowledge of their role in catecholamine secretion in the
trout is growing rapidly. Recent evidence has indicated that although muscarinic receptors
may not represent a proximate pathway for catecholamine release, they may enhance
nicotinic stimulated catecholamine release, particularly during acidosis (Julio et aI., 1998).
In the present study, experiments were carried out to investigate the effects of

hypoxia and anaesthetic exposure on the release of catecholamines by the chromaffin
tissue of the posterior cardinal vein of the Chinook salmon. During anaesthesia, tissues
might be affeeted directly by the anaesthetic (AQUI-S in this case), or indireetly by the
low oxygen paI1ial pressures due to reduced ventilation. Both of these influences were
investigated, as was the direct effect of hypoxia on red blood cells in vitro.
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Methods and Materials
Series 3.1 Direct effects of hypoxia and AQUI-S anaesthetic on catecholamine
release from the posterior cardinal vein of salmon.

Experiment 3.1.a. Direct effects of hypoxia on the chromaffin tissue of the
Chinook salmon.

Chinook salmon (Oncorhynchus tshawytscha, mean weight 1390.2 ± 115.8g, ±
1SEM), range 989.1-1654.0g, n=6) were transported from Isaacs Salmon farm (McLeans
Island, Christchurch, New Zealand) and held in a large darkened fibreglass tank (1.5 x 1.5
x 1.5 m) supplied with constantly flowing fresh artesian water. Water temperature ranged
from 12-13°Cthroughout the experimental period and fish were maintained on a 12: 12
hour light dark regime.
When required, fish were removed from the holding tank and killed with a sharp
blow to the head. Iml of heparinized freshwater teleost saline was injected via the caudal
vein and allowed to circulate for 1 minute. Fish were then placed ventral side up in an
operating sling and a midline incision made from the anal fins to the tip of the lower jaw.
The floor of the pericardium was carefully dissected away and heart exposed. A small
transverse incision was made in the bulbus arteriosus close to the start of the ventral aorta.
The tip of a 10cm length of polythene cannula (OD 1.00 x ID 0.50mm, Portex Tubing)
was then inselied approximately 1cm into the bulbus. Care was taken not to disrupt the
heartbeat or move the cannula into the ventricle (Figure 3.1). Surgical thread was used to
secure the cannula by tying a ligature around the entire bulbus arteriosus at the point
where the cannula was inserted. This allowed the cardiac output to exit via the cannula.
The free end of the cannula was then attached to a variable height clamp stand. This
provided the means to adjust afterload on the heart (Farrell et aI., 1986). The outflow from
the cannula was set between 5-10cm above the level of the heart depending on the force of
the heartbeat.
The tail posterior to the anal fins was then removed and a 10cm long metal
cannula (OD approx. 1.0 x ID approx. 1.0mm) with a flexible polythene tip, inserted into
the posterior cardinal vein (PCV) of the kidney (Figure 3.1). The cannula was secured
with a ligature running through the body musculature, around the spine and encompassing
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saline flow'"

posterior
cardinal vein

Figure 3.1 Diagram showing the cannulation of posterior cardinal vein (PCV) and heart
of Chinook salmon for experiment 3.1a and 3.1b. The PCV was perfused with saline or
anaesthetic through a cannula (a). Perfusate was collected via a cannula inserted in the
bulbus arteriosus (b) whose tip was secured to a variable height clamp stand (c).
Samples were collected over 3.0 second periods in micro centrifuge (eppendorf) tubes
(d). See text for description of electrode placement and further details.

the kidney tissue. The preparation was then perfused with aerated freshwater teleost saline
of the same composition as that used in Experiment 2.1, delivered from either one of two
lOOml reservoirs. Once perfusion flow was established and the heartbeat regular, fine
platinum electrodes (approx. Imm in diameter, 35.5mm length) were inserted into the
muscle under the peritoneum, along either side of the body wall running parallel with and
approximately 2mm above the kidney tissue. The electrodes were then connected to a
current stimulator (Danish Myo Technology Current Stimulator, Model CS200) set to
deliver a single, 2-second pulse of 32Hz with a current of 120mA. This setting was chosen
after several experiments were performed to find the threshold current required by this
stimulator to cause significant catecholamine release as detennined by HPLC analysis.
Flow was achieved by using a constant pressure head system with an overflow
valve. Saline was gassed using a Wosthoff gas pump, (Wosthoff, Type 1 M 100/a,
Bochum, Germany) which allowed a specific CO 2/0 2 gas mixture to be 'dialled' up and
then delivered through an air-stone to the saline. Saline was maintained at a constant
temperature of 11°C and the P0 2 monitored by a flow through O2 electrode (OM-4
Oxygen meter, Microelectrodes Inc. Bedford, New Hampshire, USA) connected in-line
with the in-flow cannula, approximately 10cm before entering the fish. The preparation
was then left to perfuse with normoxic saline (gassed with a 19% 0 2/0.5% CO 2 mix in air)
for 20 minutes until red blood cells were no longer apparent in the out flowing perfusate
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and the heartbeat was strong and regular. It was also assumed that this would be long
enough for allY catecholamines released from the fish during death to be cleared from the
preparation. After this time, the preparation was perfused with nonnoxic saline for a
further 15 minutes. This was deemed the control period prior to experimentation. In the
last 6 minutes of the control period (starting the 9th minute), perfusate samples were
collected from the outflow cannula every 3 minutes. Samples were collected in preweighed labelled Eppendorftubes for a 30 second period. At the end of sampling the tube
was weighed again on a balance (Mettler PC440) and the flow rate determined per minute.
The sample was then frozen and held for no longer than 1week at -80nC prior to HPLC
catecholamine analysis. Catecholamine analysis protocol was identical to that described
for Series 2.1 and 2.2 in the previous chapter.
At the .end of the control period, flow was changed via a tap to saline gassed to
give a final coneentration of 4.2% dissolved oxygen (20% of the normoxic saline oxygen
content). During this and consecutive treatments, samples were collected every 3 minutes
of the 15 miilUte treatment period. Collecting samples 3 minutes into the treatment
allowed the chromaffin tissue to be exposed to hypoxic saline prior to any sampling.
Samples were handled and processed as described above.
Following exposure to 4.2% dissolved oxygen saline the preparation was perfused
for 15 minutes with 2.1 % dissolved oxygen saline, 1.05% dissolved oxygen saline and
then exposed to anoxic saline (0% dissolved oxygen). These concentrations represent
20%, 10% 5% and 0% of oxygen content in n0n110xic saline. Finally, the preparation was
returned to norm oxic (aerated) saline for a final 15 minutes. Samples were taken
throughout all treatments and the P02 monitored constantly to ensure saline was hypoxic.
Although in general the heart preparation lasted throughout the experiment, on exposure
to very low oxygen concentrations, the heart rate slowed. When this occurred, the after
load was decreased until a regular heart rate was achieved. This was usually about 8-10
beats per minute.
After the final normoxic period, the preparation was stimulated with an electrical
current from the current stimulator set at 32 Hz, 10ms duration 120mA. The total duration
of stimulation was 2 seconds. Following stimulation, perfusate samples were collected as
above, each minute for the following 5 minutes. Direct electrical stimulation of the
chromaffin tissue allowed the physical ability of the chromaffin cells to release
catecholamines in any given preparation, to be assessed.
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Samples were analysed for the presence of catecholamines by HPLC analysis as
previously described. Total catecholamine concentration was mUltiplied by the flow rate
for any given sample to give catecholamine secretion rate in picomoles per minute. It is
possible that heart tissue might bind and metabolise some catecholamines produced by the
chromaffin tissue, which would lead to an underestimation of release rate.

Data were analysed using one-way repeated measures analysis of variance
(ANOYA) with Bonferroni post-test analysis. This allowed comparison of data points
between groups. In all cases P :::; 0.05 was used to indicate a significant difference.

Experiment 3.1.h. Effects of AQUI-S on evoked catecholamine release from the
chromaffin tissue of the Chinook salmon.

Chinook salmon (Oncorhynchus tshawytscha, mean weight 877.60 ± 118.64g,
(±lsem) range 368.4-1353.0g,

were transported from Isaacs Salmon farm (McLeans

Island, Christchurch, New Zealand) and held at the University of Canterbury as previously
described.
When required, fish were removed from the holding tank and killed with a sharp
blow to the head. I ml of heparinized freshwater teleost saline was injected via the caudal
vein and allowed to circulate for 1 minute. The PCV was then cannulated, perfused and
platinum electrodes inselted along the muscle lining the body cavity using the same
methods as previously described in Experiment 3.l.a. However, the experiment protocol
was modified in the following ways; throughout the experiment thc preparation was
perfused with aerated saline and, following the initial control period, the preparation was
electrically stimulated (using the same settings as described in Experiment 3.I.a) and
perfusate samples collected over the subsequent 15 minutes. The preparation was then
stimulated again and fmiher samples collected. After this second stimulation, the
preparation was perfused with saline containing AQUI-S anaesthetic at a final
concentration of 200ppm. There was a 10-minute period to allow the anaesthetic to
saturate the PCY. Then a further 2 bouts of stimulation and sample collection were carried
out. The preparation was then perfused with anaesthetic

saline for a final 2

stimulations and samples collected. In total the preparation was electrically stimulated 6
times.
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Perfusate samples were collected, stored and analysed m the same way as
described in Experiment 3.I.a.

Series 3.2 Direct effects of hypoxia on teleost red blood cells in vitro.
Experiment 3.2 The direct effect of hypoxia on the red blood cells of Chinook
salmon in vitro.
Chinook salmon (Oncorhynchus tshmvytscha, mean weight 729.61 ± 158.53g,
(±lSEM), range 278.7-1l35.0g, n=7) were transported from Isaacs Salmon farm
(McLeans Island, Christchurch, New Zealand) and held in a darkened fibreglass tank (1.5
x 1.5 x 1.5 m) supplied with constantly flowing fresh artesian water. Water temperature
ranged from 12-13°C throughout tbe experimental period and fish were maintained on a
12: 12 hour light: dark regime.
When required, fish were removed from the holding tank and killed with a sharp
blow to the head. 1ml of heparinized freshwater teleost saline was injected via the caudal
vein and allowed to circulate for 1 minute. As much whole blood as possible (usually 89ml) was then withdrawn via caudal puncture into a heparinized syringe and injected into
a tonometer flask. The blood was gassed with humidified air (19% oxygen, 0.5% carbon
dioxide, Wosthoff, type 1 M 100/a gas pump Bochum, Germany) in a spinning tonometer
(Instrumentation Laboratory 237) for 60 minutes. In the final 40 minutes of normoxia,
blood was sub-sampled cvery 10 minutes and pH measured using a pH/Blood gas analyser
(Instrumentation Laboratories, Micro 13 and Temp controller 323). Approx.

200~LI

of

whole blood was taken for each sub-sample. Haematocrit (Hct) and MCHC were also
measured using methods previously described. After pH measurement, the blood was
returned to the tonometer flask to minimize blood volume changes. After this control
period, blood was gassed with a 90% N 2, 10% of 5% CO2 in N2 mix for 60 minutes to
simulate hypoxia. During the final 40 minutes of anoxia, blood sub-sampling continued as
described above.
Finally, the blood was returned to normOXlC conditions for an additional 60
minutes, with sub-sampling for the final half hour.
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Data was analysed using a Students 't' test to detenlline differences between
variables during normoxia and hypoxia.
Unless otherwise stated, significance levels were set at P < 0.05.

Results
Series 3.1 Direct effects of hypoxia and AQUI-S anaesthetic on catecholamine
release from the posterior cardinal vein of salmon

Experiment 3.1.a. Direct effects of hypoxia on the chromaffin tissue of the
Chinook salmon.
Catecholamine secretion ,did not increase in response to a step-wise decrease in
oxygen tension of the perfusion saline. The mean adrenaline release during each hypoxic
treatment is shown in Figure 3.2. Between replicates, total adrenaline release calculated
over an entire hypoxic exposure ranged from a low of 3 .84pMmin- 1 for one preparation, to
a high of 75.23pMmin- 1 for another. Only one preparation released detectable, albeit
sporadic

concentrations

of

noradrenaline,

even

during

electrical

stimulation.

Catecholamine release from the preparations appeared to be sporadic and transient.
Preparations either a) released low adrenaline concentrations throughout hypoxia followed
by high concentrations during electrical stimulation; b) released high adrenaline
concentrations at the stal1 of perfusion with concentrations falling throughout the
experiment with no significant relcase following electrical stimulation; or c) released
sporadic 'spikes' of adrenaline throughout the experiment with no significant release
following electrical stimulation. Examples of individual experiments showing the
diversity of adrenaline release patterns between preparations can be seen in Figure 3.3a-c.
Electrical stimulation generally elicited a highly significant (P ::S 0.0001, n=6)
adrenaline release from the posterior cardinal vein preparation (Figure 3.2) when
compared to release at any other time during the experiment.
Table 3.1 shows means values for partial pressure of oxygen (P0 2, %), flow rate
(per minnte) adrenaline secretion rate (pMmin-l) and absolute adrenaline concentration in
nM during each experimental treatment. Note that the flow rate during hypoxia decreased
markedly but was restored during nOl'moxia. As collection depended on the heart pumping
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P02 meter
Saline [02]

reading (%)

Flow Rate
(ml min-I)

Normoxia 1
20% NOI"moxia
10% Normoxia
5% Normoxia

19.0 ± 0.6
5.0 ± 0.3
3.0 ±O.l

1.2 ± 0.2
0.7 ± 0.1
0.5 ± 0.1

1.2 ± 0.3
0.4 ± 0.3
21.0 ± 0.6
21.0 ± 0.6

0.8 ± 0.1
0.6 ± 0.1
1.3±0.2
1.2 ± 0.2

0% Normoxia
Normoxia 2
Stimulation

Adrenaline [Adrenaline]
(pM min-I)
(nM)
51.7 ± 8.7 43.8
43.1 ± 13.6 53.0
24.5 ± 6.5 4l.9
57.7 ± 24.1 45.2
25.1 ± 7.3 33.7
31.0 ± 6.7 28.9
166.3 ± 39.9 120.6

± 7.5
± 13.1
± 9.7
± 12.2
± 6.0
± 8.0
± 29.7

Table 3.1 Table showing mean oxygen concentration (taken as % O2 from flow through
oxygen meter) of inflowing saline, flow rate out of the preparation (ml min-I), total
adrenaline secretion rate (pM min-I) and absolute adrenaline concentration (nM) from the
perfused PCV during normoxia, subsequent hypoxia and electrical stimulation. Saline
oxygen concentration is represented as a percentage of normal oxygen concentration (19%
O2) The preparation was perfused with normoxic (aerated) saline during electrical
stimulation.
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Figure 3.2 Mean Adrenaline secretion rate (pMmin- 1) from the perfused PCV of the
Chinook salmon during normoxia, progressive hypoxia and following electrical stimulation.
There was no significant increase in adrenalin secretion in response to hypoxia. * denotes a
significant difference £i'om all other times (P:S 0.001, n=6)

perfusate into the bulbus arteriosus and outlet cannula, concentrations of adrenaline
measured during hypoxic periods did not fall as much as Figure 3.2 suggests.
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Figure 3.3a-c. Adrenaline secretion patterns of 3 individual experiments from Experiment
3.1 a. Preparations either a) released low adrenaline concentrations throughout hypoxia
followed by high concentrations during electrical stimulation; b) released high adrenaline
concentrations at the start of perfusion which fell throughout the experiment with no significant
release following electrical stimulation; or c) released sporadic 'spikes' of adrenaline
throughout the experiment with no significant release following electrical stimulation.
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Experiment 3.1.b Direct effects of AQUI-S on the chromaffin tissue of the
Chinook salmon.

Total catecholamine release varied from preparation to preparation, but within
experiments stimulation consistently elicited catecholamine secretion. Mean values for
adrenaline and noradrenaline secretion following each stimulation are shown in Figures
3.4 a & b and Table 3.2. Absolute values for adrenaline and noradrenaline release (nM)
and flow rate data are also given in Table 3.2. Catecholamine release tended to decline
over time, although secretion following the final stimulation (stirn 6) was significantly
higher (P ::; 0.05, n=6) than at all other times, excluding the first stimulation (stim I).

Only one preparation consistently released noradrenaline throughout the
experiment. All other preparations appeared to release noradrenaline at random intervals.
However, more samples contained noradrenaline during AQUI-S exposure than at any
other time,although the total concentration was not significantly different than any other
time (Table 3.2). As with adrenaline, noradrenaline concentrations were significantly
higher (P ::; 0.05, n=6) following the final electrical stimulation (stim 6) than at any other
time, except following the first stimulation (stirn 1).

During HPLC analysis, it was noted that several samples from 6 different
experiments contained an unidentified peak, occurring consistently at 8.9 minutes on the
HPLC chromatogram. The peak was only found in the two samples taken immediately
prior to anaesthetic exposure (i.e. the last 2 samples of stimulation 2) and all samples
taken in the presence of AQUI-S. It was not found in the samples taken during perfusion
with normal (anaesthetic-free) saline. Given that the experiments were analysed several
months apart with new mobile phase and other chemicals used in every analysis, it is
unlikely this peak is a type of contamination. It is also unlikely to be a contaminant from
the HPLC column as many other analyses were pelionned using the same column, which
did not show this peak. Mean peak areas for this unidentified peak are shown in Figure
3.5, as concentration in picomoles min-! cmmot be calculated.
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Figure 3.4 a&b. Mean adrenaline and noradrenaline secretion following electrical stimulation
of the PCV in Chinook salmon. Saline is the control period prior to any electrical stimulation.
Shading indicates stimulation in the presence of 200ppm AQUI-S anaesthetic. 'STIM'
represents a 15 minute period following electrical stimulation. See text for further details.
* denotes a significant difference in catecholamine secretion compared to all other times
except STIM 1.
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(Noradrena

Saline
STIMl

2.8 ± 0.2

28.2 ± 15.7

Noradrenaline (Adrenaline] Adrenaline
(pM min-I)
(pM min"l)
l.0
1l.4

10.0 28.6 ± 9.0
24.5 ± 5.1 37.1 ± 11.3

Table 3.2. Table showing mean flow rate (ml min-I), absolute noradrenaline and adrenaline
concentrations (nM) and mean noradrenaline and adrenaline secretion rate (pM min"l) from
the perfused PCV of Chinook salmon following field stimulation (STlM 1-6). Grey shading
indicates time when preparation was perfused with 200ppm AQUI-S.

30000

co
(1)

...
«

20000

~

co
(1)

D..

10000

Figure 3.5 Graph of HPLC chromatogram peak areas of unknown substance detected during
catecholamine analysis of perfusate samples fi'om Experiment 3.1b. Shading indicates samples
taken during perfusion with 200ppm AQUI-S. This unknown peak was not found at any other
time during the experiment and was detected in 6 of7 experiments.
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Series 3.2 Direct effects of hypoxia on teleost red blood cells in vitro.

Experiment 3.2 The direct effect of hypoxia on red blood cells of the Chinook
salmon in vitro.
The mean values for haematocrit, blood pH, and mean cell haemoglobin prior to
hypoxic exposure were 37.28 ± 1.6%, 7.58 ± 0.05, and 23.95 ± 0.89g.dL- 1 respectively.
Graphs showing mean values for all three variables during normoxia and hypoxia are
shown in Figure 3.6 a-c.

All variables showed significant yet reversible changes during hypoxia, with
haematocrit and blood pH rising above normoxia values (P :s.; 0.000 1, n= 18) while MCHC
fell (P :s.; 0.01, 11=12). On return to normoxia, Hct and MCHC returned to values very
close to pre-hypoxia. Mean pH fell slightly below pre-hypoxia values to 7.50 ± 0.06
(Figure 3.6 a-c).
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Figure 3.6 a-c. Mean values of Hct (%), pHe and MCHC (g.dL'!) for
Chinook blood in vitro prior to, during and following hypoxic exposure.
** denotes a significant difference from pre-hypoxia values ( P ::: 0.0001 ).
* denotes a significant difference from pre-hypoxia values ( P ::: 0.05 ).
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Discussion
PCV Perfusions.

The perfused posteripr cardinal vein preparation used in this study was based on
well established methodology used by other investigators (Nilsson et aI., 1976; Reid et aI.,
1996; Julio et aI., 1996; Montpetit and Perry, 1999) and basal secretion rates for
adrenaline were similar to other published studies (Julio et aI., 1996, Perry et aI., 2000).
The lack of any increase in adrenaline release during exposure to hypoxia in the present
study is unlikely to reflect an inability of the chromaffin cells to release adrenaline in this
preparation. This is evidenced by the fact that subsequent electrical stimulation elicited a
significant increase in adrenaline secretion rates compared to all other times throughout
the experiment (Figure 3.2). However, the mean adrenaline secretion rate in response to
electrical stimulation (16633 ± 39.91 pM min-I) was lower than in other studies (- 800
pM min-I Perry et aI., 2000; ~ 300 pM min- l Montpetit and Perry, 1999). The main
difference between this and other studies is the type of electrical stimulus used. While
other investigators have used electrical stimulation with a set voltage, usually

60~80V,

(Montpetit and Perry, 1999; Perry et aI., 2000; Montpetit and Perry, 2000; Montpetit and
Perry, 2002) electrical stimulation using a constant current was chosen for the experiments
presented in this study. However, there is variation between many studies employing
nerve stimulation techniques: 32Hz, 10ms duration, 120mA current (Chinook salmon,
present study), 20Hz, lms duration, 60V, (Rainbow trout, Montpetit and PelTY, 1999;
Perry et aI., 2000; Montpetit and Perry, 2000;) 20Hz, 30s duration (Atlantic cod, Nilsson
et aI., 1976), 6Hz, 1111s duration, 8V (Eel, Abele et aI., 1998). Also, the siting of electrodes
varies. Nilsson et aI., (1976) stimulated the nerve directly using hook electrodes, Abele et
aI., (1998) stimulated the nerve root of the hindbrain, and Perry and colleagues used field
stimulation in their studies with rainbow trout.
The perceived advantage of using an electrical stimulator set to give a constant
current rather than voltage is that the current stimulator takes into account variables such
as the resistance of the tissue, distance between the electrodes and other factors, thereby
adjusting the voltage accordingly to deliver a consistent stimulus to the tissue.
Theoretically, this provides more consistent results from one preparation to the other.
Setting a constant voltage through the tissue does not take into account these factors and
may in fact be delivering a variable current to nerves and excitable cells from one
preparation to the next.
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Given that in the current study, adrenaline secretion rates following electrical
stimulation were significantly higher than at any other time during the experiment, in
these preparations at least, the stimulation protocol was valid in eliciting neuronally
stimulated adrenaline release. That there was no significant noradrenaline release upon
electrical stimulation is surprising. It is generally accepted that adrenaline is the
predominant catecholamine in teleost fish (Randall and Perry, 1992). Many studies using
either hypoxia or electrical stimulation in situ to elicit catecholamine release present data
as the total rate of catecholamine secretion, combining both adrenaline and noradrenaline
secretion rates (Perry et aI., 2000; Montpetit and Perry 2002) or as values normalized to
100% (Abele et aI., 1998). This makes it difficult to ascertain values for secretion rates of
the individual catecholamines. However, of those studies that do differentiate between the
two catecholamines, values for noradrenaline are usually at least 3-4 times lower than for
adrenaline (Julio et aI., 1998; Montpetit and Perry 2000). Differences in noradrenaline
adrenaline secretion ratios may be related to differences in the innervation of adrenaline
secreting cellsversus noradrenaline secreting cells.

The effects of varying degrees of hypoxia on catecholamine secretion in teleost
fish have been well documented (Aota et aI., 1990; Fievet et aI., 1990; Gamperl, et aI.,
1994a; Julio, et aI., 1998; Randall and Perry, 1992; Reid, et aI., 1998). It is generally
accepted that in most teleost fishes, catecholamine release occurs during extreme stress,
when blood oxygen saturation falls below a critical value closely corresponding to the Pso
of haemoglobin (50% blood oxygen saturation) (Randall and Perry, 1992; Perry and
Bernier 1999). The predominant mechanism of catecholamine release from salmonid (and
other teleost species) chromaffin cells is via increased neuronal stimulation by preganglionic sympathetic nerve fibres innervating chromaffin cell cholinergic receptors
(Reid et aI., 1998; Montpetit and Perry, 1999). Acetylcholine release from these fibres
stimulates nicotinic receptors to elicit secretion from the chromaffin cells.
Given that drastic reductions in arterial blood oxygen saturation are seen to occur
prior to catecholamine secretion, is reasonable to assume that venous P02 and O2 content
must also be greatly reduced at this time (Perry, et aI., 2000). There may also be other
changes in blood chemistry, such as a developing state of hypercapnia resulting in changes
in blood pH (Julio et aI., 1998). Therefore it is likely that the interstitial fluid bathing the
chromaffin cells of the posterior cardinal vein will be hypoxic/hypercapnic prior to
catecholamine secretion. With this in mind, the aim of the experiments presented in this
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chapter was to deternline whether the chromaffin cells could release catecholamines in
direct response to hypoxia, in situ.
It has previously been shown in the Atlantic cod (Gadus morhua) that perfusion

of the chromaffin cells of the head kidney with hypoxic saline containing red blood cells
causes a significant increase in basal catecholamine secretion (Pen), et aI., 1991) and
based on these results it was suggested that there exists a local, direct stimulatory effect of
blood hypoxemia on adrenaline release from teleost chromaffin tissue. This appears not to
be the case however in salmon (present study) or in trout. Pen-y et aI., (2000) investigated
the effects of hypoxia on chemically and neuronally induced catecholamine release in the
rainbow trout (Oncorhynchus mykiss) both in vivo, using chronically cannulated fish and
in situ using perfused PCV preparations. As with the results presented here, Perry et aI.,

(2000) found that perfusion with either hypoxic saline or hypoxic blood caused no
significant increase in spontaneous catecholamine secretion rates from the perfused trout
PCV in situ. However, using field stimulation techniques, it was found that neuronally
evoked catecholamine secretion. was decreased by 50% during perfusion with hypoxic
saline in situ. This appears to by due to a direct inhibitory effect on the cholinergic
receptors and indeed, in bovine chromaffin cells it has be shown that hypoxia reduces the
ligand-binding affinity of nicotinic receptors (Lee et aI., 1995; cited in Perry et aI., 2000).
In contrast, in vivo experiments indicated an enhanced effect of hypoxia on
nicotinic stimulated catecholamine release with a dose dependant elevation of plasma
catecholamines in response to intra-arterial injections of nicotine (Perry et aI., 2000).

Taking into account the in situ (present study, Perry et aI., 2000) and in vivo
(Perry et aI., 2000) results of hypoxia on basal and neuron ally evoked catecholamine
secretion, it appears unlikely that there is a simple relationship between catecholamine
release and blood P02 at the level of the chromaffin cells, at least in salmonids. Given that
in vivo it has been clearly demonstrated that exposure to hypoxia causes significant
increases in circulating plasma catecholamines (Wendelaar Bonga, 1997; Reid et aI.,
1998; Perry and Bernier, 1999) the results of in situ investigations imply the role of a
functional higher control centre/s for release in the whole animal (Perry et aI., 2000;
Lapner and Perry, 2001). A possible candidatc for this higher control centre may be O2
chemoreceptors located on the gi11 arches of teleost fish, which are thought to be
analogous to the O 2 sensing carotid body in mammals. These chemoreceptors are either
externally oriented to monitor P0 2 of water or intel11ally oriented to monitor changes in
P0 2 of arterial blood (Reid and Perry, 2003). In rainbow trout, administration of cyanide
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(an O 2 chemoreceptor stimulant) either to inspired water or injected into the gill
circulation, caused a significant increase in plasma catecholamines. This effect was
greatly enhanced during hypoxia, but inhibited during nonnoxia or hyperoxia (Reid and
Perry, 2003). Removal of the first gill arch abolished catecholamine release in response to
cyanide in inspired water but not to intra-arterial injection (Reid and Perry, 2003). In situ
perfusion of PCV preparations illustrated a lack of any direct effect of cyanide on the
chromaffin tissue. The authors conclude that O2 chemoreceptors located on the gills
initiate the reflex leading to release of catecholamines from the chromaffin tissue of trout.
In cod, bilateral sectioning of the glossopharyngeal and pretrematic ramus of the
vagus innervating the first pair of gill arches did not impair the ability to respond to
hypoxia (Fritsche and Nilsson, 1989). The authors concluded that the cod has 2 distinct
mechanisms of responses to environmental hypoxia. The first is mediated by O 2 receptors
on the gills innervated by the sectioned nerves, while the second involves O 2 sensors
located elsewhere which trigger a rapid response to hypoxia (Fritsche and Nilsson, 1989).
It is possible the gill arch O2 receptors described in the trout by Reid and Perry (2003) are
the same as those identified in the cod.
Considering the above results in trout and cod, it appears most likely that during
hypoxia, the internally oriented O 2 chemoreceptors are the dominant mediators of
catecholamine release in the rainbow trout (Reid and Perry, 2003). Given the similar
results between studies in rainbow trout (Perry et aI., 2000) and the present study, it is
possible that this pathway also plays a key role in catecholamine secretion on exposure to
environmental hypoxia in Chinook salmon and may explain the lack of catecholamine
release seen in the PCV perfusion experiments.
As with salmon and rainbow trout, there does not appear to be a simple
relationship between P02 of the fluid bathing the chromaffin cells and catecholamine
release in hagfish (Perry et aI., 1993, cited in Bernier and Perry 1996). However, recent
studies

on

hagfish,

eels

and

trout

have

identified

various

non-cholinergic

neurotransmitters and/or neuromodulators, co-released with acetylcholine during neuronal
stimulation, that elicit catecholamine release (Reid et aI., 1996; Bernier and Perry, 1996;
Abele et aI., 1998; Bernier et aI., 1999; Montpetit and Perry, 1999; Montpetit and Perry,
2000; Lapner and Perry, 2001). Some of these modulators include vasoactive intestinal
polypeptide (VIP), adrenocOliicotropic hormone (ACTH), pituitary adenylate cyclase
activating polypeptide (PACAP) serotonin and angiotensin II (Ang II). Of these, ACTH
and Ang II appear to be thc most potent secretagogues of catecholamines with most
studies investigating the role of Ang II due to the identification of specific Ang II
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receptors on trout chromaffin cells (Lapner et a1., 2000). However, their actions appear to
be genus/taxon specific. For example, while ACTH and Ang II have both been shown to
stimulate catecholamine secretion in the rainbow trout (Reid and Perry 1996; Bernier and
Perry 1999; Lapner and Peny 2001) Ang II had no effect on secretion in the Atlantic
hagfish, Myxine glutinosa (Bernier and Perry, 1996).
Although many studies have demonstrated the ability of ACTH and Ang II to
stimulate catecholamine secretion in teleost fish, it has only recently been shown that
these secretagogues may represent a functional secondary catecholamine release
mechanism in vivo. Bernier and Perry (1999) have demonstrated in the rainbow trout that
Ang II leads to reproducible and dose dependant increases in DAP, systemic resistance,
cardiac output and stroke volume. This is correlated with dose dependant increases in
plasma adrenaline but not noradrenaline (Bernier and Peny, 1999; Reid and Perry, 2003).
Ang II also stimulated significant catecholamine release both in vivo and in situ in hypoxic
trout experiencing nicotinic receptor desensitisation (Lapner et al., 2000; Lapner and
Perry, 200 I). Further to this, inhibition of the

rennin~angiotensin

system (RAS) using the

angiotensin converting enzyme inhibitor lisinopril, in desensitised trout, prevented Ang II
stimulated catecholamine release during acute hypoxia (Lapner and Perry, 2001) or
hypotension (Bernier et al., 1999). Muscarinic or serotonergic receptor blockade had no
effect on the ability of desensitised trout to release plasma catecholamines during hypoxia
(Lapner and Peny, 200 I).
The present study provides some indication that Chinook salmon, too, may rely on
non-cholinergic catecholamine secretion pathways during cholinergic receptor blockade.
In a preliminary experiment using the PCV preparations previously described, the ability
of the chromaffin tissue to release catecholamines in the presence of hexamethonium (a
specific nicotinic receptor antagonist), and hexamethonium + atropine (a specific
muscarinic receptor antagonist) was investigated. Preparations were perfused with IxlO-3
mol L- 1 hexamethonium during which they received a 'one~shot' electrical stimulus for 2
seconds (settings as given in the methods and materials section). Perfusate samples were
collected for the 5 minutes following stimulation. The preparation was then perfused with
a mixture of lxlO-3 mol C 1 atropine and IxlO-3 mol L- 1 hexamethonium and stimulated
again. Perfusate samples were collected over the following 5 minutes.
Maximal secretion rates of adrenaline and noradrenaline during hexamethonium
perfusion were 44.4pMol min-) and 9.3pMol min-) respectively, indicating that neuronally
stimulated catecholamine secretion was not prevented. This suggests a possible role for
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non-nicotinic (i.e muscarinic) mediated catecholamine release from chromaffin cells in
salmon.
Following neuronal stimulation, secretion of both adrenaline and noradrenaline
was significantly increased from basal levels during perfusion with the hexamethonium +
atropine combination. Maximal concentrations of adrenaline and noradrenaline were
9.94 nmol.min- 1 and 7.2 nmol.min- J respectively. Although this represents a single
experiment in one fish, Montpetit and Perry (1999) found that while catecholamine
secretion during cholinergic receptor blockade was reduced, it was not prevented. This
finding reinforces the idea that non-cholinergic mechanisms can stimulate catecholamine
secretion in teleost chromaffin cells during cholinergic desensitisation. The most likely
candidate for this role is Ang II, which in trout elicits catecholamine release specifically
via Ang II receptors expressed on the chromaffin cells (Lapner et al., 2000). Even though

the concentrations of antagonist used in this experiment and those of Montpetit and Perry
(1999) were high, there is no evidence to suggest that either drug at these concentrations
causes non-specific side effects orr catecholamine secretion (Montpetit and Perry, 1999).
Nor do they appear to modifY Ang II stimulated release in trout (Bernier and Perry, 1997,
cited in Montpetit and Perry, 1999). In fact, it is possible that desensitisation of nicotinic
receptors may enhance the chromaffin cells response to non-nicotinic agonists such as
Ang II (Lapner et al., 2000).

Given that anaesthetics act to block neuronal sodium channels, and catecholamine
release from the chromaffin cells in both fish and mammals is a Ca2+ and Na+ dependant
process (Nagayama et al., 1999; Lapner et al., 2000; Lapner and Perry, 2001), a series of
experiments was developed to detennine the direct effects, if any, of AQUI-S on
neuronally induced catecholamine secretion from salmon chromaffin cells. Results from
this series indicate there is no significant effect, either inhibitory or stimulatory, of AQUIS anaesthesia on neuronally evoked catecholamine secretion from salmon chromaffin
cells, in situ.
The present study appears to be one of the first to investigate any direct effects of
anaesthetics on pis cine chromaffin cells in situ. Most work on the subject has been carricd
out on cultured mammalian chromaffin cells. To this end, it has been shown in bovine
chromaffin cells, that procaine inhibits cholinergic mediated catecholamine secretion via
L-type Ca2'· channels (Charlesworth et al., 1992; Charlesworth and Richards, 1995). This
is due primarily to a decrease in mean channel open time leading to a reduction in agonist
evoked inward current. It has also been shown that there is a preferential and direct effect
Chapter 3 Discussion.

Chapter 3 Effects of hypoxia on in situ catecholamine release and the red blood cells of
Chinook salmon
78
of anaesthetics on the activation of nicotinic acetylcholine receptors on bovine chromaffin
cells (Charlesworth and Richards, 1995). Given these findings, it is not unreasonable to
postulate that anaesthetics may have direct effects on catecholamine secretion from
piscine chromaffin cells. The fact that in this study AQUI-S appears to have no effect
could be due to several possible reasons:
11 AQUl-S may simply have no effect on the chromaffin cells of salmon.
However, it is interesting to note that the 'unidentified' substance seen in HPLC
chromatograms of perfusate samples taken during Experiment 3.1 b, was associated with
perfusion of the chromaffin tissue with AQUI-S and disappeared during perfusion with
anaesthetic free saline. Therefore, the anaesthetic must be having at least some direct
interaction with either the chromaffin cells or the surrounding tissuc. Although this peak
remains unidentified, it is likely to be a substance involved either in catecholamine
synthesis or metabolism. The compound is not L-DOPA, dopamine or serotonin, nor does
its relative mobility correspond to 3,4-dihydroxyphenylglycolaldehyde, which is the
metabolite resulting form the activity of monoamine oxidase when noradrenaline is the
substrate (M.E. Forster, personal communication).

21 Although catecholamine release in vertebrates is a Ca2+ dependant process, the
specific types of voltage dependant Ca2+ chamlels and receptors expressed on the
chromaffin cells and involved in the secretion process vary greatly from species to
species. For example, cat chromaffin cells express both L- and N-type Ca2+ channels,
which carry the Ca2+ current equally, but the L-type channels dominate exocytosis (Lopez
et al., 1994, cited in Nagayama et a!., 1999). Bovine chromaffin cells possess L-, N-, Pand Q-type Ca2 + channels (Charlesworth et aI., 1992; Nagayama et aI., 1999), although the
L- and Q-type channels dominate exocytosis (Nagayama et aI., 1999). In contrast,
although the same types of Ca2+ channels are expressed on rat chromaffin cells as in
bovine cells, it is the L-and N-type that are recruited during exocytosis (Kim et aI., 1995,
cited in Nagayama et aI., 1999).
Although procaine (Charlesworth et aI., 1992) and isoeugenodilol, a derivative of
isoeugenol (Yeh et aI., 2000) have been shown to inhibit Cah movements in bovine and
rat chromaffin cells, the situation in fish may be different. It is possible that the specific
voltage dependant Ca2+ channels of piscine chromaffin cells do not share extensive
homology with those of mammalian chromaffin cells.
It is also possible that experiments using a different species of fish may yield
conflicting results to those presented here. Given the highly variable response of both
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mammalian and piscine chromaffin cells to hypoxia (Perry et aI., 2000; Lapner and Perry,
2001) it is likely that there may be species specific differences in response to anaesthesia.
3/ The lack of a response to anaesthesia may also represent a limitation of the
experimental preparation or an inability of the preparation to release catecholamines.
A similar situation to that with hypoxia may exist with anaesthetic treatment, in
that an intact, higher control centre is required before any direct effects of anaesthesia on
catecholamine secretion are recognized. There is also a possibility that due to starvation
prior to experimentation, preparations derived from unfed animals lacked sufficient
catecholamine stores and therefore could not release any upon neuronal stimulation.
However, prolonged captivity (2 months) has only small effects on catecholamine storage
in rainbow trout and no effect on the ability of chromaffin cells to release catecholamines
in situ (Reid et aI., 1994).

41 Desensitisation of nicotinic receptor mediated catecholamine release may also
account for the low concentrations of catecholamine secretion during neuronal
stimulation. From the time of sacrifice of the fish to the end of each experiment at least
110 minutes passed, with the complete series of stimulations and sample collections (1
through 6) taking 90 minutes. At the time of capture and sacrifice fish would have
released high concentrations of both adrenaline and noradrenaline. A post-mortem blood
sample taken from one fish used in these experiments yielded an adrenaline concentration
of 400.2nML- 1 and a noradrenaline concentration of 175.5nML- 1• Although preparations
were perfused with saline for 20 minutes prior to the first stimulation, it is possible that
high concentrations of circulating plasma catecholamines may have induced nicotinic
receptor desensitisation, a phenomenon well documented in mammalian chromaffin cells
(Charlesworth et aI., 1992; Charlesworth and Richards, 1995; Nagayama et aI., 1999) and
recently described in trout chromaffin cells (Lapner et aI., 2000; Lapner and Perry, 2001).
In these studies, desensitisation following maximal nicotinic agonist stimulation occurred
within 2 minutes of agonist application, and lasted for

~

60 minutes. If this is the case in

salmon PCV preparations, it might explain why adrenaline values following stirn 6, which
would occur> 60 minutes after initial stimulation (stim 1), were significantly higher than
stirn 2-5 inclusive.

The effect of bypoxia on teleost red blood cells.
In vivo, it was seen that anaesthesia with AQUI-S lead to a significant increase in
haematocrit and a decrease ill mean cell haemoglobin concentration (Chapter 2, Figure 2.8
a&b). Changes in Hct and MCHC were attributed to anaesthetic induced hypoxia, at a
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time when there were no significant increases in circulating plasma catecholamines
following anaesthetic induction (Chapter 2, Figure 2.6). The whole blood experiments
presented in this chapter were designed to reproduce the in vivo effects of hypoxia on red
blood cell (RBC) volume during moderate hypoxia due to light anaesthesia
The starting values for pH (7.58) and Hct (37.28%) in Chinook salmon prior to
hypoxia were lower and higher respectively, compared to values reported for rainbow
trout red blood cells taken via caudal puncture, of 7.68 and 22.68% (S0rensen and Weber,
1995). Significant increases in plasma pH (pHe) stimulated by hypoxia have been
observed in hypoxic red blood cells (RBC) of rainbow trout (Wood and Simmons, 1994)
and are due to the Haldane effect This is the process in which the release of molecular
oxygen from haemoglobin causes protons to bind to the haemoglobin molecule, which
then causes a decrease in the intracellular pH of the red blood cell (pHi)' This in turn
influences plasma pH. Teleost fish haemoglobins tend to have large Haldane effects and
low buffering capacities (Brauner et aI., 1996; Jensen et aI., 1998). The release of protons
upon oxygenation and subsequent 'increase in pHi is a vital step in CO 2 excretion by the
teleost RBC. An increase in plasma Pe02 accompanied by a fall in plasma pH (pHe) will
cause a reduction in the haemoglobin-oxygen binding affinity via the Root effect
(Nikinmaa, 1997). The Bohr effect also enhances O2 offloading at the tissues due to an
increased P eo2 within the capillaries. The majority of Bohr protons are released between
60-100% Hb-0 2 saturation, indicating the ability of fish blood to fully exploit the Haldane
effect and enhance CO2 excretion (Brauner et aI., 1996).
In teleost fish blood there is a large pH gradient across the red blood ceil, with H+,

cr

and HC03 passively distributed across the membrane according to a Donnan

equilibrium (Jensen, 1986; MaJapert et aI., 1997; Gilmour, 1998). The mechanism through
which protons are passively equilibrated across the red blood cell is called the JacobsStewart cycle (Figure 3.7). Disturbance of the acid-base balance causes a redistribution of
anions by the band 3 anionic exchanger, accounting for the linear relationship seen under
physiological conditions between pHi and pHe (Fievet and Motais, 1991; Malapert et aI.,
1997). Metabolites produced within the body tissues create a concentration gradient for
metabolites, specifically COb across the RBC membrane. CO 2 is transported in the blood
mainly as bicarbonate (HC03-) with 98-99% of the CO 2 entering the gill vasculature in
this fonn (Heming, 1984, cited in Brauner and Randall, 1996; Gilmour, 1998, Maffia et
aI., 2001). However, erythrocytes themselves contain only approximately 15% of the total
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CO2 content of the blood (Nikinmaa and Vihersaari, 1993). Following diffusion into the
RBC from the tissues, CO 2 is hydrated to HC03- according to the following equation:

This process is catalysed by the zinc metalloenzyme carbonic anhydrase (CA), which is
present in high concentrations within the red blood cell and also in the gills (Maffia et al.,

2001). The amount of HC0 3- formed at a given Peol increases with an increase in pH
(Nikinmaa, 1997). Binding of Bohr protons to deoxygenated Hb favours the formation of
RC0 3- as per the above equation, which is then removed from the RBC in exchange for

cr ions, via the band 3 anion exchanger present in the RBC membrane (Nikinmaa,

1997;

Gilmour, 1998; Nildnmaa and Salama, 1998; Walsh et al., 1998). This is also known as
the 'chloride shift' (Gilmour, 1998). To maintain electrochemical neutrality, Na+ ions
must move into the cell to balance the increasing
and

cr

cr concentration. This net entry ofNa+

induces the entry of osmotically obliged water into the RBC causing the cell to

swell (Fievet and Motais, 1991;

N~ldnmaa,

1997; Gilmour, 1998; Nikinmaa and Salama,

1998; Walshetal., 1998).
This process would explain the rise in pRe seen in the present study upon
exposure of RBC to hypoxic conditions in vitro. In red blood cells from rainbow trout,
hypoxia elevates CO2 excretion by

~20%

compared to normoxic conditions (Wood and

Simmons, 1994) and increases in pHe at a constant Peol (as in the present study) are
associated with an elevation in plasma HC03- (Wood and Simmons, 1994). It is likely,
that in the present study, if measured, plasma CO2 content would also have been elevated
as it was in rainbow trout blood (Wood and Simmons, 1994) given that a tonometer is an
open system.
The concomitant increase in Hct and decrease in MCRC seen during hypoxia in

vitro and changes in Hct and MCHC seen in vivo during light anaesthesia, can be
attributed to erythrocyte swelling. This increase in cell volume effectively dilutes the
haemoglobin molecule (decreasing MCHC) and increases Hct. Indeed, the mean ccll
volume of hypoxic trout red blood cells is significantly greater than the mean cell volume
of oxygenated trout RBC (S0l'ensen and Weber, 1995). The functional advantage of
erythrocyte swelling is the dilution of organic phosphates that can interfere with the
binding of Bohr protons to the haemoglobin molecule. Organic phosphates such as ATP or
GTP modulate haemoglobin function in fish RBC by 2 interactions; 1/ by directly and
preferentially binding to deoxygenated haemoglobin; 2/ by having an indirect effect on
pHi (Nikinmaa and Salama, 1998). Allosteric interactions between NTPs and haemoglobin
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Figure 3.7 Schematic representation of the carbon dioxide (C02) excretion pathway in most
teleost fish red blood cells (rbc). As Hb is deoxygenated at the tissues, CO 2 diffuses into the
red blood cell were it is hydrated to HC0 3- and H+, a process catalysed by carbonic anhydrase.
HC0 3- leaves the cell in exchange for cr via the band 3 anion exchanger. At the gill, CO2
diffuses into the sUlTounding water driving the dehydration of HCO) within the rbc. HC03entry into the rbc is enhanced. Hb=haemoglobin, 02=oxygen, CA=carbonic anhydrase HC03
=bicarbonate. The grey box indicates the Jacobs Stewart cycle. See text for further details.
(Taken from Gilmour, 1998).
lead to a reduction in haemoglobin-oxygen binding affinity (Nikinmaa and Salama, 1998;
Gilmour, 1998)
The predominant organic phosphate present in fish erythrocytes varies greatly
from species to species, but is always either ATP or GTP. In salmonid fish, ATP is the
predominant organic phosphate affecting haemoglobin function, binding at the entrance to
the central cavity between the two

p

polypeptide chains of haemoglobin in the

deoxygenated (T) state. Binding of A TP stabilises the T state by the introduction of
additional bonds (Jensen et al., 1998) e.g ATP readily complexes with magnesium ions
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(Bunn et aI., 1971, cited in Nikinmaa and Salama, 1998). The interaction of ATP and
haemoglobin reduces the Hb-0 2 binding affinity for a given P02 • Erythrocyte swelling
effectively dilutes both organic phosphates and haemoglobin, thereby reducing allosteric
reactions between them and enhancing Hb-0 2 binding affinity (Gilmour, 1998; Nikinmaa
and Salama, 1998; Jensen, 1998).

Under conditions of extreme stress such as enviromnental hypoxia or metabolic
acidosis due to severe exercise, optimal Hb-0 2 affinity is mediated by the release of
plasma catecholamines into the circulation. Stimulation of the

~-adrenergic

mediated

N a+ ~ exchanger (~NHE) on the teleost RBC membrane protects the erythrocyte against
significant decreases in pHi that may occur during severe stress (Malapert et aI., 1997;
Nildnmaa, 1997). The efflux of protons into the plasma increases pH, thereby increasing
oxygen uploading at the gill (due to the Root effcct) in the face of acidosis.
N a+Iff exchangers are integral plasma membrane proteins that have been
identified in the plasma membrane of nearly all eukaryotic cells (Bianchini and
Pouyssegur, 1994). Five isoforms have been characterised to date (NHE-I--NHE-5) and
their activity and level of expression can be modulated greatly by a variety of stimuli such
as growth factors, tumour promoters, hormones and chronic cellular acidification
(Bianchini and Pouyssegur, 1994). They can also be stimulated by changes in cell volume.
The PNHE of teleost red blood cells shares significant molecular homology with NHE-l,
74% for the transmembrane domain and 48% for the cytoplasmic domain (Borgese et aI.,
1992, cited in Bianchini and Pouyssegur, 1994). The salmonid

~NHE

however, is different

from other known isofonns in several important aspects that may reflect the specificity of
its function. Firstly, the teleost PNHE is the only isofonn known to be activated via
cAMP. Secondly, unlike other isofonns, it is not activated via extracellular acidification
alone. Thirdly, its activation is rapidly followed by its desensitisation (Guizouam et aI.,
1993; Bianchini and Pouyssegur, 1994, Gilmour et aI., 1994, Malapert et aI., 1997;
Gilmour, 1998).
Unlike other Na+/H+ exchangers in vertebrates, which are primarily concerned
with cell volume regulation during osmotic shock, the trout Nallff exchanger can only be
activated under normal physiological conditions by catecholamine hormones (Fievet and
Motais, 1991; Malapert et aI., 1997). This hormonal stimulation is so great, that the
maximum Nat influx of adrenergically stimulated trout

~NHE

is 10-100 times greater than

in other vertebrate red blood cells (Fievet and Motais, 1991, Guizoua1'l1 et aI., 1993).
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Binding of catecholamines to adenylate-cyclase coupled

~-adrenoceptors

on the

surface of the RBC stimulates formation of the second messenger cAMP (Figure 3.8). In
turn, cAMP initiates a phosphorylation pathway resulting in the activation of the cAMPdependant Na+/H+ exchanger (Guizouarn et aI., 1993; Bianchini and Pouyssegur, 1994;
Gilmour et a!., 1994, Gilmour, 1998). Due to the greater potency of noradrenaline on
proton extrusion from the trout RBC (Tetens and Lykkeboe, 1988; Reid and Perry, 1991),
it has been generally accepted that the
the exchanger is of the

~1

~-adrenoceptor

subtype involved in stimulation of

(noradrenaline) subtype. However, recent cloning of

adrenoceptors from rainbow trout have indicated that the
controlled by a tentatively named
characterised mammalian

~3

'~3b'-adrcnoceptor,

~NHE

~

may be specifically

which is homologous to the well

adrenoceptor and is highly expressed in the trout red blood

cell (Nickerson et aI., 2003). Identification of a single category of ~-adrenoceptor binding
sites on the trout RBC membrane, coupled with expression of the
~NHE

provides significant evidence for the control of trout RBC
through this new receptor subtype' and not through a

~rsubtype

'~3b'-adrenoceptor,

activity via signalling

as has been previously

proposed (Nickerson et aI., 2003).
Activation of the trout

~NHE

via catecholamines causes a net efflux of protons

out of the erythrocyte, coupled with a net influx of Na+ (Figure 3.8). This increases the
intracellular pH and decreases the extracellular pH. The deereasing pHe favours the
dehydration of plasma HC0 3 to CO 2, although due to the absence CA in the plasma, this
reaction is slow (Gilmour, 1998). The CO 2 produced can diffuse across the cell membrane
into the RBC where it is converted to protons and HC0 3 via CA (Gilmour, 1998;
Nikinmaa and Salama, 1998). The Naj/ft exchanger capacity for proton excretion far
exceeds CO2 diffusion and hydration in the RBC (Gilmour, 1998). Again, HC0 3' is
exchanged for cr across the band 3 anion exchanger, Na+ entry is followed by osmotically
obliged water and the cell swells (Fievet and Motais, 1991; Nikinmaa, 1997; Gilmour
1998; Nikimnaa and Salama, 1998; Walsh et aI., 1998). Na+ entry also stimulates the
transmembrane K+/Na+ pump which in tum increases the overall energetic demands of the
rbc, causing a decrease in intracellular NTP concentration (e.g ATP and/or GTP) and,
further enhancing Hb-0 2 binding. Thus activation of the

~NHE

effectively 'uncouples'

pHi and pHe • Although reliant on catecholamine hormones for transition to a functional
state, prolonged exposure of the

~NHE

to high levels of circulating catecholamines results

in a desensitisation of the signalling cascade initiating

~NHE

function. This may in part be
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Figure 3.8 Adrenergic stimulation of cell swelling in a teleost red blood cell (rbc).
Adrenaline (or noradrenaliue) binds to a ~-adrenoreceptor on the cell membrane stimulating
cAMP signalling cascade and activation of the Na+/H+ antiporter (~NHE). Protons released
from Hb or created by CO2 hydration are pumped out of the rbc (1) The increasing [HC0 3-]
stimulates Cr/HC0 3' exchange (2). Osmotic water enters the rbc, causing the cell to swell (3)
while the increasing internal [Na+] activates Na+-K+ exchange (4). This increases energy
consumption leading to a decrease in intracellular [NTP]. See text for further details.
(Modified from Gilmour, 1998).

due to a down regulation of the red blood cell

~-adrenoceptors

(Gilmour et al., 1994;

Malapert et aL, 1997).
Given the high concentrations of catecholamines present in both Chinook salmon
and Snapper plasma following deep anaesthesia, it is likely that changes in Hct and
MCHC (Chapter 2, Figure 2.8 and 2.13, respectively) seen involved the activation of the
~NHE.

This is reinforced in salmon given the positive regression between plasma

catecholamines and Hct (Figure 2.11 a&b).
Hypoxia has been shown to significantly sensitise the teleost

~NHE

to any given

concentration of catecholaminc, possibly partially due to an increase in the number of cell
surface

~-adrenoceptors

(Reid and Perry, 1991) and an increase in the sensitivity of the

signalling pathway to cAMP (Reid et al., 1993). This oxygen effect appears not to be
correlated with RBC metabolism, but with the quaternary structure of haemoglobin
(Motais et aI., 1987, cited in Fievet and Motais 1991), given that

~NHE

activity is

enhanced at pH values stabilising the deoxy 'T' state of haemoglobin (Salama and
Nikinmaa, 1989). There is also evidence that some othcr pH sensitive haemoprotein other
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than haemoglobin may play an essential role in the cellular O2 sensing mechanism in trout
red blood cells (Berenbrink et al., 2000).
Prolonged stress with concurrent elevation of plasma cortisol levels also has an
effect on the PNHE. EC so values for noradrenaline stimulation of the exchanger were
significantly lower in trout blood from fish chased to exhaustion for 7 days (Perry et aL,
1996). In vitro experiments showed that during hypoxia, although the number of cell

surface p-adrenoceptors was actually 30% lower in blood from stressed fish with high
cortisol levels, binding affinity for catecholamines was significantly enhanced compared
to normoxia (Reid and Perry, 1991; Perry et al., 1996). It is suggested that this increase in
sensitivity to catecholamines may be due to pre-adaptation of the RBC by cortisol to other
physiological signals, allowing low-affinity internalised p-adrenoceptors to be converted
to high affinity receptors and 'recycled' back to the cell sUlface (Reid and Perry, 1991).

In vivo it was seen that anaesthesia induced erythrocyte swelling via both

adrenergic (Series 2.3) andnon-adr'energic (Series 2.1) mechanisms. These non-adrenergic
mechanisms were replicated in vitro, showing hypoxia was the proximate stimulus for
erythrocyte swelling in these experiments. The ability of Chinook salmon red blood cells
to respond to both hypoxic and adrenergic stimulation was maintained during anaesthesia,
therefore indicating a lack of any apparent effect of even high concentrations of
anaesthesia in tile normal functioning of the RBC.
AQUI-S appeared not to have a direct effect on catecholamine secretion in the
perfused posterior cardinal vein of Chinook salmon. However, it is unknown whether
there may be a direct effect on catecholamine release stimulated by the O2 chemoreceptors
postulated by Reid and Perry (2003). AQUI-S is known to be an irritant to fish (personal
observation and Hill, 1999) and at high concentrations it is possible it stimulates
nociceptors on the gills of salmon (Hill, 1999). If this is the case, the possibility exists that
AQUI-S at high concentrations may also affect the O 2 chemoreceptors on the fish gill.
However, elucidation of the exact mechanism of signal transduction from chemoreceptors
to the chromaffin tissue is required before modulation by external stimuli can be
investigated effectively.
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Chapter 4
In vitro and in situ effects of anaesthetics on the
blood vessels of Chinook Salmon.

Introduction
Vascular tone in vertebrates is a compromise between vasoconstrictor and vasodilator
pathways. Vasomotor responses to neural, metabolic and physical factors vary not only
between different vessels in different vascular beds, but also along the same vascular bed
(Hill et aI., 2001). In the absence of external neural metabolic or environmental stimuli,
blood vessels also display intrinsic activity in response to changes in transmural pressure.
An increase in transmural pressure causes constriction whereas a decrease in pressure
results in dilation (Davis and Hill, 1999). This is known as the myogenic response and is
inherent to smooth muscle cells. The myogenic response is crucial in the development of
basal vascular tone and autoregulation of blood flow and capillary hydrostatic pressure
(Davis and Hill, 1999). Blood vessels also respond to external stimuli such as
neurotransmitters, circulating vasoactive hormones and environmental stimuli. For
example, low pH and O2 tension and high CO2 tension tends to relax vessels, whereas the
reverse conditions tend to cause constriction

(B~um,

1977; Hill et aI., 2001; Smith et aI.,

2001).
The relative resistance of each vascular bed will determine the proportion of
cardiac output it receives and the state of the vascular smooth muscle contraction
constitutes the major determinant of resistance (Baum, 1977; Satchell, 1991; Hill et aI.,
2001). In fish as in mammals, arteries and arterioles are presumed to be the major source
of resistance (Olson, 1998b) although it is the venous system that displays the greatest
capacitance (Conklin and Olson, 1994).
In mammals, most blood vessels are richly innervated with sympathetic nerves
and stimulation or administration of noradrenaline results in vasoconstriction of vessels
(Baum, 1977; Hill et aI., 2001). However, sympathetic stimulation may affect vessels in
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different organs or even within an organ, differentially (Baum, 1977). The situation in
teleost fish is not dissimilar. Adrenergic nerves innervate systemic blood vessels of most
fishes (Satchell, 1991). During severe hypoxia blood vessels also react to humoral
catecholamines secreted from the chromaffin tissue (Wendelaar Bonga, 1997; Perry and
Bernier, 1999).
In mammals, general anaesthetics are well known to cause a drop in central blood
pressure and hypoxia via depression of cardiovascular control centres in the brain, and
possible direct actions on blood vessels (Angel, 1980; Urban, 2002). In fish, studies have
concentrated on changes in blood pressure in vivo (refer Chapter 2 for references) with in
vitro and in situ studies primarily investigating anaesthetic effects on the heart (Randall,

1962; Pierce and Pierce, 1967; Ryan et at, 1993) kidney (Soivio et aI., 1974) or gill
(Fromm et aI., 1971; Soivio and Hughes, 1978; Hill, 1999). No study seems to have
specifically addressed the impact of anaesthesia on muscle perfusion. Hill (1999), studied
afferent and efferent arteries from both Oncorhynchus tshawytscha and spotty, Notolabrus
celidotus and found both MS222 and AQUI-S were potent vasodilators of afferent and

efferent branchial ruieries. If one of the main actions of catecholamines during hypoxia is
to increase central blood pressure and anaesthetics antagonise this action via direct effects
on the blood vessels themselves, there may be serious consequences to the fish with
regard to perfusion pattems of the musculature and the gill.

Methods and Materials
Series 4.1 Effects of anaesthetics on the vascular response of Chinook salmon to
adrenaline in vitro.
Experiment 4.1a Effects of AQUI-S and MS222 on the response of the hepatic
portal vein to adrenaline in vitro.
Chinook salmon (Oncorhynchus tshawytscha, mean weight 794.4 ± 282.4g
(±ISEM) range 1124.2-351.9g, n=14) were transported fi'om Isaacs Salmon farm
(McLeans Island, Christchurch, New Zealand) to the University of CanterbUlY and held in
a large darkened fibreglass tank (1.5 x 1.5 x 105m) supplied with constantly flowing fresh
ruiesian water. Water temperature ranged from 12-13°C throughout the experimental
period and fish were maintained on a 12: 12 hour light:dark regime.
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When required, fish were removcd from the holding tank and killed with a sharp
blow to the head. 1ml of heparinized freshwater teleost saline was injected into the dorsal
aorta via the roof of the mouth and allowed to circulate for one minute. Fish were then
placed ventral side up on an operating sling and an incision made running from the
pectoral to pelvic fins. The oesophagus, stomach and most of the gut were removed to
enable easy visualisation of the hepatic portal vein. This vessel was chosen due to its
relatively large size and easy identification in situ. The vein and its surrounding tissue was
then removed and placed in a petri dish containing fresh water teleost saline. Under
magnification the tissue surrounding the vein was then carefully removed via blunt
dissection and the vessel cut into pieces approximately 4mm long.
A schematic diagram of the myography set-up is shown in Figure 4.1. Vessel
rings were threaded onto two small wire 'clips'. These 'clips' were a triangle shape with
the wire forming the flat 'base' being threaded through the length of the lumen of the
vessel ring (Figure 4.1. (a» (Olson et aL, 2001). This allowed a measure of tension change
along the length of the vessel ring, rather than at only one specific point. The 'peak' of the
triangle was further modified to form a loop that could be anchored in the myography
chamber. The vessel was then placed in a myography chamber. Changes in vessel tension
were measured using UGO Basile (7003) isometric force transducers, connected to a
Gould transducer amplifier (Model 13-4615-50) electronically linked to a chart recorder
(Yokogawa LR 41]0 E myograph with digital acquisition, Japan, Figure 4.1.(b». The
vcssel was held fixed on one side by a hook in the bottom of the myograph well, while the
opposite site was attached to the arm of the myograph transducer, via a thread tied to the
loop of the wire 'clip', threaded through the vessel lumen. The well was filled with 20mL
of fresh water teleost saline (see Chapter 2) and constantly but gently (so as not to knock
the vein) gassed with air. The wells were water jacketed and held at a constant
temperature of 11°C. The transducer arm was then slowly and carefully moved up away
from the vessel until there was tension on the thread. The vessels were then left until
tension became stable. This was usually about 20 minutes. The myograph transducer was
calibrated to either 250mg or 500mg range, depending on the starting tension of the
vesseL
Following the equilibration period, an aliquot of adrenaline was added to the
saline in the myography well to give a final concentration of 1xl 0·7M. Once the maximal
response to the adrenaline treatment had been observed (usually 5-10 minutes) the
adrenaline was washed out thoroughly (3 cycles of washing and flushing with fresh saline
were performed) and the vessel tension left to stabilize for a further 20 minutes. After this
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Figure 4.1. Schematic diagram of the myography set-up used in Experiment 4.1.a and Experiment
4.l.b. Vessel rings were threaded onto two 'clips' along the length of the lumen (a) and placed in
myograph wells filled with saline. Tension was measured with isometric force transducers (b)
connected to a transducer amplifier (c). This in turn was connected to a Yokogawa myograph (d),
which produced both a digital and analogue record of changes in vessel tension. See text for further
details.

time, an aliquot of anaesthetic was added to the well to give a final concentration of either
60ppm AQUI-S (n=lO) or 100ppm MS222 (n=11). After 5 minutes, a further aliquot of
adrenaline (to give IxI0- 7M) was added to the vessel, in the presence of the anaesthetic.
Again, following the maximal response to adrenaline the saline was washed out as above,
and the vessel tension left to stabilize. Finally, the vessel was treated with a third aliquot
of adrenaline, in the absence of anaesthetic.
Controls were treated with the same protocols as described above however, they
were not exposed to anaesthetic prior to the second adrenaline treatment, or at any point
throughout the experiment

Data was analysed using repeated measures ANOV A with Bonferroni post-hoc
test, to compare vessel responses to adrenaline prior, during and following anaesthetic
exposure both within a treatment group and between groups.
Paired Students 't' test was used to determine whether anaesthetic exposure alone
had a significant effect on the vessel.
Unless otherwise stated, significance levels were set at P :::; 0.05. All statistical
analyses were perfonned using GraphPad Prism, version 3.01 for Windows, San Diego,
California, USA.
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Experiment 4.1.h. Effects of AQUI-S and MS222 on the response of the hepatic
portal vein to adrenaline in vitro; construction of adrenaline concentration curves.
Hepatic portal vein 'rings' were obtained from fish also used in Experiment 4.1.a.
and prepared as described above. Following the initial stabilisation period anaesthetic was
added to the well to give a final concentration of either 60ppm AQUI-S (n=9) or 100ppm
MS222 (n= 10). After S minutes an aliquot of adrenaline was added to give a final
concentration of 1xl 0-9M adrenaline. Once the maximal response to this concentration
was observed (usually within S minutes) a further aliquot of adrenaline was added to give
a final concentration in the well of lxlO- 8Madrenaline. Again, when the maximal
response was observed, an aliquot of adrenaline was added to give a final concentration of
lxlO-7M. Proceeding in this way, a concentration curve for adrenaline was constructed
ranging from lxlO-9M to lxlO- 3M in the presence of either AQUI-S or MS222 anaesthetic.

Controls were treated with the same protocols as described above. However, they
were not exposed to anaesthetic at any point throughout the experiment.

Sigmoidal dose response curves were constructed using GraphPad Prism and
LogEC so values determined. These values were then analysed using repeated measures
ANOV A with Bonferroni post-hoc test to compare differences between vessels treated
with each anaesthetic and control vessels. Unless otherwise stated significance levels were
set at P ::; O.OS. All statistical analyses were performed using GrapbPad Prism, version
3.01 for Windows, San Diego, California, USA.

Series 4.2. Vasoactive effects of anaesthetics on the vasculature of Chinook
salmon tail, in situ.

Holding conditions for fish used in Series 4.2. varied. For some experiments,
Chinook salmon (Oncorhynchus tshawytscha) were transported from Isaacs Salmon farm
(McLeans Island, Christchurch, New Zealand) to the University of Canterbury and held in
a large darkened fibreglass tank (l.S x 1.S x l.Sm) supplied with constantly flowing fresh
artesian water. Water temperature ranged from 12-13°C throughout the experimental
period and fish were maintained on a 12:12 hour light:dark regime. Fish were not fed for 2
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weeks leading up to or at any stage during the experimentation period. Experiments were
carried out at the University of Canterbury.
However, due to changes in the aquarium facilities at the University of
Canterbury, and concerns about the water quality, some experiments were carried out at
the salmon hatchery at Isaacs Salmon Farm, (McLeans Island, Christchurch, New
Zealand). In this case, Chinook salmon (Oncorhynchus tshawytscha) donated by Isaacs
Salmon Fann were transferred to their on site hatchery in chilled, oxygenated water. Fish
were held in a large round indoor tank (I .5m diameter x 1.5m depth), with constantly
flowing fresh artesian water. Both the tank water and that used in experiments came from
the same source and had a constant temperature of 12

Q

e.

Fish were not fed for 2 weeks

leading up to or at any stage during the experimentation period. Experiments were carried
out on site at the Salmon Hatchery.

Saline used in this experimental series consisted of Hepes buffered fresh water
teleost saline4 containing 4% PVP (MW

60 000) and 0.2% Bovine Serum Albumin

(Fraction V low endotoxin BSA, GibcoBRL, Life Technologies Ltd., Auckland, New
Zealand). Saline was filtered through a double layer of filter paper (G.E. No.1, 9.0cm total
diameter) before use. The high concentration and high molecular weight of PVP made it
impractical to filter through a Millipore system. Adrenaline was added immediately prior
to use to give a final concentration of 1x 10·7M in each 20mL saline reservoir.

Experiment 4.2.a. Vasoactive effects of AQUI-S on the vasculature of the
perfused tail of Chinook salmon.
A schematic diagram of the tail perfusion set up is shown in Figure

When

required, Chinook salmon (Oncorhynchus tshawytscha, mean weight 1001.7 ± 398.6g, (±
1 SEM), range 551.2-1846.1,

were removed from the holding tank and killed with a

sharp blow to the head. 1ml of heparinized freshwater teleost saline was injected into the
dorsal aorta via the roof of the mouth and allowed to circulate for approximately one
minute. Using a sharp knife, the tail was removed just proximal to the vent and an inflow
cannula (1.5mmOD: ImmID, portex tubing), inserted into the dorsal aorta. The caudal vein
4

Masses for 1 litre solution:

NaCI 7.000g, KCl O.300g, MgS0 4.7H20 O.293g, CaCh.2H2 0 O.225g, Glucose l.OOOg,
HEPES O.715g, NaHEPES 1.820g, PVP 40.000g, BSA 2.000g.
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a

Figure 4.2. Schematic diagram of the tail perfusion set-up used in Experiment 4.2.a and
Experiment 4.2.b. Anaesthetic free saline was pumped from a reservoir (a) by a peristaltic pump
(c) into the DA of Chinook salmon tails. A pressure transducer (d) connected to a PowerLab
amplifier allowed continuous recording of relative pressures within the tail. Pressure readings (cm
H 20) were recorded digitally on a laptop computer (e). During perfusion with anaesthetic, flow
was changed via a tap system to a small reservoir (b) containing the appropriate anaesthetic
concentration. See text for further details.

was then cannulated and this acted as an outflow cannula. HEPES buffered fresh water
teleost saline containing a physiological concentration of adrenaline (Ixl0-7mM) was
pumped il1to the dorsal aorta from a large reservoir using a constant flow peristaltic pump
(Gilson miniplus 3) at a rate of Iml/min. Saline was already being pumped through the
inflow cannula prior to insertion il1to the dorsal aorta in order to minimise the possibility
of passing air bubbles through the preparation.

At approximately 4cm prior to its insertion into the dorsal aorta, the inflow
cannula was linked via a 3-way connector to a disposable pressure transducer (PVB 6003,
Surgicare Ltd., Victoria, Australia), allowing measurement of relative pressure changes
within the tail preparation. The transducer was in turn linked to a digital amplifier
(PowerLab 400 with Quad bridge amplifier, ADInstruments, Dunedin, New Zealand)
connected to a laptop computer. Data was collected using PowerLab 'Chart', version 3.4,
for Windows (ADlnstruments, Dunedin, New Zealand).
The preparation was perfused with aerated fresh water teleost saline and left to
equilibrate for at least 25 minutes until the pressure became stable. After this time flow
was switched via a 2-way tap to a small reservoir (approximately ] 8ml volume)
containing 40ppm AQUI-S in saline. This was pumped into the tail for 15 minutes. At the
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end of this time, flow was changed to normal, anaesthetic free saline for a 20-25 minute
recovery period. Following this recovery period, flow was changed again to the small
reservoir, this time containing 60ppm AQUI-S in saline, for a further 15 minutes. Again
after this time, the preparation was perfused with anaesthetic free saline for a 20-25
minute recovery period before the next anaesthetic concentration was tested. This process
was repeated for 80ppm AQUI-S and finally 200ppm MS222.

To gauge the potential for vessel reactivity the preparation was perfused with
saline containing a final concentration of 1x 10-5M adrenaline at the end of the
experimental procedure. This is not a physiological concentration and therefore should
elicit an obvious decrease or increase in vessel resistance.

Throughout the experiment, all saline whether anaesthetic free or containing
anaesthetic, was maintained at 11°C and contained lxl0-7M adrenaline to maintain basal
venous tone. Changes in relative pressure within the perfused tail preparation were
continuously recorded during the experiment.

Experiment 4.2.b. Vasoactive effects of MS222 on the vasculature of the perfused
tail of Chinook salmon.
When required, Chinook salmon (Oncorhynchus tshml'ytscha, mean weight
1328.1 ± 546.2g, (± 1 SEM) range 527.l-1754.3g, n=11) were removed from the holding
tank and killed with a sharp blow to the head. 1ml of heparinized freshwater teleost saline
was injected into the dorsal aorta via the roof of the mouth and allowed to circulate for
approximately 1 minute. The tail was removed and perfusion carried out using protocols
identical to those described for Experiment 4.2.a. However, in these experiments the
effects of increasing concentrations of MS222 were tested in the following order; 50ppm
MS222, 100ppm MS222, 200ppm MS222. After these concentrations had been tested, the
tail was perfused with 80ppm AQUI-S for a fmiher 15 minutes followed by perfusion with
a maximal dose of adrenaline (Ixl 0-5M).
All other experimental conditions and saline used were identical to those in
Experiment 4.l.a.
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Statistical analysis for Series 4.2.
During individual experiments, pressure tended to gradually rise over time,
probably due to oedema of the tissues. Determining the slope of the rise by regression
analysis and subtracting this from the pressure trace corrected for any gradual increases
over time.
Because starting pressure varied greatly between fish, data were expressed as a
fraction of the maximum pressure obtained within each experiment. The data was then
arcsin transformed using a commercial statistic and graphing package (GraphPad Prism
version 3.01 for windows, San Diego, California, USA) prior to any statistical analyses.
Unless otherwise stated, P

s:

0.05 was taken to indicate a statistically significant

difference.
Repeated measures ANOVA with Bonferroni post-hoc test comparing selected
groups was used to compare the following:
II

Effects of each anaesthetic concentration on pressure within
the preparation compared to the control period 10 minutes
prior to and 10 minutes following anaesthetic exposure.

II

Effects of increasing anaesthetic concentrations versus lower
anaesthetic concentrations.

II

Effects of final addition of] xl 0·5M adrenaline

Unpaired Student's 't' test was used to compare the following:
II

Effects of matched concentration of AQUI-S and MS222 (i.e
40ppm AQUI-S versus 50ppm MS222, 60ppm AQUI-S
versus 100ppm MS222 etc.)
of 200ppm MS222 m fish previously exposed to
AQUI-S versus in fish exposed only to MS222, and vice
versa for 80ppm AQUI-S.

Analysis of early experiments indicated a significant effect of holding time prior
to experimental use of the fish on the response of tail preparations to anaesthetic exposure.
To investigate this further, fish were divided into two groups; 'New' fish that were held
either at the University of Canterbury or Isaacs Salmon farm hatchery for no longer than 1
week after initial transport and 'Old' fish that were held for more than one week and up to
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4 weeks at either location following initial transport. All other experimental procedures
were identical to those described above in Experiment 4.2.a and Experiment 4.2.b.
Unpaired Students 't' test was used to compare the effect of both anaesthetics
between 'Old' and 'New fish'.
For all statistical analyses, significance levels were set at P < 0.05, unless
otherwise stated.

Results
Series 4.1 Effects of anaesthetics on the vascular response to adrenaline in vitro.

Experiment 4.1a. Effects of AQUI-S and MS222 on the response of the hepatic
portal vein (HPV) of Chinook salmon to adrenaline in vitro.
Data are presented as the change in vessel tension, from resting, in mg per mg wet
weight of tissue. The resting tension was taken as the tension at the end of the 20-minute
period following each wash and immediately prior to addition of adrenaline or anaesthetic.
Graphs showing mean change in tension on exposure to adrenaline for each treatment
group and control are shown in Figure 4.3.a-c.

The addition of AQUI-S or MS222 to the vessel resulted in a significant (p ::S
0.05,11=10 (AQUI-S), n=11 (MS222)) vasodilation of the HPV when compared to control
vessels. This dilation was also significantly different to any change in tension caused by
the addition of adrenaline prior to anaesthetic addition (P ::S 0.05, n=10 (AQUI-S), n=ll
(MS222)). There was no significant difference between the effect of each anaesthetic on
vessel tension.

There was no significant difference between the response to adrenaline before,
during or after anaesthetic exposure. In other words, exposure to either anaesthetic neither
enhanced nor inhibited the ability of the HPV to react to adrenaline, compared to control
vessels.
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Figure 4.3.a-c. Graphs showing mean change in tension (mg.mg wet weighrl) of the
hepatic portal vein (HPV) of the Chinook salmon after treatment with IxlO- 7M
adrenaline before during and after exposure to either 60ppm AQUI-S or 100ppm
MS222 anaesthesia. * indicates a significant difference (P :; 0.05) from control
values.
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Experiment 4.1 b. Effects of AQUI-S and MS222 on the response of the hepatic
portal vein to adrenaline in vitro; construction of adrenaline concentration curves.
Fitting of Sigmoidal dose response curves to individual data sets was complicated
by the presence of 2 receptor systems for adrenaline (a and

~),

which have antagonistic

effects on vessel tension (contraction and relaxation, respectively). Only vessels that
showed a clear dominance of a-contraction were included in each data set (given that only
1 vessel displayed a clear

~-dilation

response at all adrenaline concentrations).

Dose response curves for AQUI-S and MS222 and treated vessels are shown in
Figure 4.4. Values are means ± 1 SEM. Control values are also shown in Figure 4.4. The
mean LogEC so in the presence of AQUI-S was -6.93 ± 0.418, (n=7); MS222, -6.17 ±
0.349 (n=8); and control vessels, -5.86 ± 0.148 (n=6). There was no significant difference
between LogEC so values for each treatment.

Series 4.2.

Vasoactive effects of anaesthetics on thc vasculature of Chinook
salmon in situ.

Experiment 4.2.a.

Vasoactive effects of AQUI-S on the vasculature of the

perfused tail of Chinook Salmon.
Mean values for changes in pressure within the perfused tail throughout
Experiment 4.2,a. can be seen in Figure 4.5. Because starting pressures varied between
experiments, values are presented as % values of the maximum pressure within an
experiment.

Exposure to all concentrations of AQUI-S elicited a significant and reversible
decrease in pressure (vasodilation) in the perfused tail preparation (Figure 4.5). There was
no significant difference between perfusion with 40ppm AQUI-S and 60ppm AQUI-S
although pressures during perfusion with 80ppm AQUI-S were significantly lower (P <
0.05) than pressures during perfusion with 40ppm AQUI-S.
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Figure 4.4.a-c. Adrenaline dose response curves for the Chinook salmon HPV in the
presence of AQVT-S, MS222 or no anaesthetic. Data is presented as change in tension in
milligrams (mg). All values are means ± 1 SEM.
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Perfusion with 200ppm MS222 caused a decrease in pressure that was
significantly greater (P < 0.001) than all concentrations of AQUI-S tested (Figure 4.5).
Perfusion with lxl0-5 M adrenaline caused a significant increase (P < 0.001) in
pressure compared to all other values throughout the experiment.

Experiment 4.2.h. Vasoactive effects of MS222 on the vasculature of the perfused

tail of Chinook salmon.

Mean values for changes in pressure within the perfused tail preparation
throughout Experiment 4.2.b. can be seen in Figure 4.6. Again, values are presented as %
values of the maximum pressure within an experiment.

Exposure to all concentrations of MS222 elicited a significant and reversible
decrease in pressure (vasodilation) in the perfused tail perfusion (Figure 4.6). Perfusion
with 200ppm MS222 caused the greatest decrease in pressure and its effect was
significantly (P < 0.01) different from 50ppm MS222 and 100ppm MS222.

There was no significant difference between the effect of MS222 on the tail
vasculature versus the effect of AQUI-S.
Perfusion with 1xlO- 5M adrenaline caused a significant increase (P < 0.001) in
pressure compared to all other values throughout the experiment.

Analysis of the effect of holding time on the response of the tail vasculature to
anaesthetic.

The following section presents data for both anaesthetics from fish following
division into 2 groups based on the length of time they were held before experimentation.
The 2 groups are labelled 'new' fish (held for a short period) and 'old' fish (held for an
extended period of time). These data are subsets of those recorded in section 4.2 above.
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salmon.

For further details of differences in holding times, refer to Series 4.2. in the methods and
materials section.
Data are presented as a comparison between new and old fish for each anaesthetic.
Statistical analysis of the cffects of each anaesthetic was carried out as described for
Series 4.2.

Comparison of the effect of AQUI-S anaesthetic on the tail vasculature of Chinook
salmon; 'new' versus 'old' fish.

Mean values (± I SEM) for changes in pressure within the AQUI-S perfused tail
for 'new' and 'old' fish can be seen in Figure 4.7. and Figure 4.8. respectively. Values are
presented as % values ofthe maximum pressure within an experiment

'New' Fish.
Although on exposure to the anaesthetic, small decreases in pressure were
apparent within the tail preparation, results were variable and changes in pressure on
exposure to any concentration of AQUI-S tested were not significant (Figure 4.7.).

'Old' Fish.
In contrast to 'New' fish, tail preparations from 'Old' fish showed a significant (P

< 0.05, 11=6) and reversible drop in pressure compared to pre-exposure and recovery, on
exposure to all concentrations of AQUI-S (Figure 4.8.). For all concentration of AQUI-S,
this drop in pressure was significantly different (P < 0.01, n=6) from the effects of the
same concentration of anaesthetic in 'new' fish.
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Figure 4.5. Mean values for pressure changes in the perfused tail of the Chinook salmon on
exposure to increasing concentrations of AQUI-S anaesthetic. Exposure to anaesthetic (labelled
shading) initiated a significant, reproducible and reversible fall in pressure within the preparation.
* denotes a significant difference from pre-exposure and recovery (P 0.05, n= 12).
** denotes a significant difference from pre-exposure and recovery (P < 0.01, n=12).
+ denotes a significant difference from pre-exposure and recovery (P < 0.001, n=12).
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Figure 4.6. Mean values for pressure changes in the perfused tail of the Chinook salmon on
exposure to increasing concentrations of MS222 anaesthetic. Exposure to anaesthetic (labelled
shading) initiated a significant, reproducible and reversible fall in pressure within the preparation.
* denotes a significant difference from pre-exposure and recovery (P < 0.05, n=12).
** denotes a significant difference from pre-exposure and recovery (P < 0.01, n=12).
+ denotes a significant difference from pre-exposure and recovery (P < 0.001,
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Comparison of the effect of MS222 anaesthetic on the tail vasculature of Chinook
salmon; 'new' versus 'old' fish.

Mean values

1 SEM) for changes in pressure within the MS222 perfused tail

for 'new' and 'old' fish can be seen in Figure 4.9 and Figure 4.10. respectively. Values are
presented as % values of the maximum pressure within an experiment

'New' Fish.
In 'New' fish perfusion with 50ppm or 100ppm MS222 had no significant effect
on pressure within the preparation, compared to pre-exposure. However, values during
perfusion with both concentrations were significantly different (P ::; 0.05, n=5) from
recovery values at 10-minutes post anaesthesia.
Perfusion with 200ppm MS222 caused a significant (P

0.05, n=5) yet reversible

decrease ill pressure compared to both pre-exposure and recovery values.
Perfusion of the tail preparation with 80ppm AQUI-S in tails previously perfused
with MS222, resulted in a significant (P ::; 0.05) vasodilation compared to 80ppm AQUI-S
in fish only exposed to AQUI-S

'Old' Fish.
In 'Old' fish, all concentrations of MS222 tested elicited a significant (P < 0.01,
n=6) and reversible (although not dose-dependant) drop in pressure within the perfused
tail preparation (Figure 4.10.). For all concentrations, this drop in pressure was
significantly greater (P < 0.01, n=6) than the effects of the same concentration of MS222
in so-called 'new' fish.
There was no significant difference between the effects of 200ppm MS222 in fish
exposed only to MS222, versus the same anaesthetic concentration in fish previously
exposed to AQUI-S.
Addition of 1x10-5M adrenaline to 3 of 6 MS222 treated preparations elicited a
significant (P < 0.05, n=3) increase in pressure compared to all other times throughout the
experiment In the remaining 3 experiments, adrenaline elicited vasodilation within the
preparation
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Comparison of effects of AQUI-S and MS222 in 'New' Fish.
In 'New' fish, the effect of 50ppm MS222 was not significantly different from
that of 40ppm AQUI-S. However, both lOOppm and 200ppm MS222 caused significantly
larger (PS 0.05) falls in pressure within preparations than their matched concentrations of
AQUI-S (Fignre 4.9). This implies that overall, the tail vasculature was more responsive
to MS222 than AQUI-S in 'New' fish.

Comparison of effects of AQUI-S and MS222 in 'Old' Fish.
In 'Old' fish, there was no significant difference between the effects of all
concentrations of AQUI-S or MS222. Both anaesthetics elicited significant falls in
pressure within tail preparations at all concentrations.
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Figure 4.7. Mean values for pressure changes in the perfused tail preparation of
Chinook salmon in 'new' fish perfused with AQUI-S. Shading indicates time of
anaesthetic perfusion while label indicates concentration used at that specific time.
There was no significant change in 'pressure due to perfusion with anaesthetic.
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Figure 4.8. Mean values for pressure changes in the perfused tail preparation of
Chinook salmon in 'Old' fish perfused with AQUI-S. Shading indicates time of
anaesthetic perfusion while label indicates concentration used at that specific time. All
concentrations of anaesthetic elicited a significant and reversible drop in pressure
within the tail preparation.
*denotes a significant difference from pre-exposure and recovery (P < 0,05, n=6)
+ denotes a significant difference from pre-exposure and recovery (P < 0.01, n=6)
() denotes a significant difference from the same anaesthetic concentration when
compared to 'New' fish (P 0.01, n=6).
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represents a significant
while label indicates concentration used at that specifie time.
differenee from the following 10 minutes post anaesthesia addition (P ::; 0.05, n=5). +
represents a significant differenee from pre-anaesthetic pressure values (P ::; 0.05, n=5).
# represents a significant difference from the same anaesthetic treatment in fish exposed to
AQUI-S (P ::; 0.05, n=5).

*

110
III
"-

0

0

100

::::I
til
til

90

Il.

80

III
"-

MS222 'Old' Fish
0

E
:::!
70
E
.;:(
(\I

60

~

50

:e
'"

40

25

50

75

100

125

150

175

TIME (Minutes)

Figure 4.10. Mean values for pressure changes in the perfused tail preparation of Chinook
salmon in 'Old' fish perfused with MS222. Shading indicates time of anaesthetic perfusion
while label indicates concentration used at that specific time. All concentrations of anaesthetic
elicited a significant and reversible drop in pressure within the tail preparation.
*denotes a significant difference from pre-exposure and recovery (P < 0.05,
+ denotes a significant difference fi'om pre-exposure and recovery (P < 0.01,
o denotes a significant difference from the same anaesthetic concentration when compared to
'New' fish (P < O.oI,
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Discussion
Adrenaline dose response curves.
Anaesthetic agents are well known to affect the cardiovascular system, not only
via actions on the sympathetic nervous system, but by direct chemical effects and effects

on hormonal systems (Sellgren et al., 1992). Anaesthetics also have profound effects on
pressor responses to various vasoactive drugs (Tabrizchi and Pang, 1992).
With this is mind, the response of Chinook salmon veins to adrenaline in the
presence of either AQUI-S or MS222 anaesthetic was tested. LogEC so values obtained for
adrenaline obtained in this study were marginally higher than previously reported values
for arteries in other species of teleost fish. Values have been reported for cod coelic artery
of -6.43 (Holmgren and Nilsson, 1974), perfused eel tail, -6.63 (Davie, 1981) and for
rainbow trout coelic arteries and perfused splanchnic preparations of -7 .96 (Holmgren and
Nilsson, 1974) -7.66 (Xu and Olson, 1993(a)) and -6.38 (Xu and Olson, 1993(b)). The
difference seen between salmon and trout is not wholly unexpected given that different
vessels were used (arteries versus veins) and the fact that cod and trout coelic arteries
exhibited differences in LogEC so values within a single study (Holmgren and Nilsson,
1974). Also, catecholamines can both constrict or dilate blood vessels depending on the
adrenergic receptor (a or

p) that

is stimulated. In the current experiments,

~

antagonists

were not used to prevent adrenaline-mediated dilation of the vessels. This meant that the
catecholamines administered could bind to both rcceptor types. LogECso values for
adrenaline in the presence of either AQUI-S or MS222 were no different indicating a lack
of effect of anaesthetics on the ability of blood vessels to respond to physiological and
supraphysiological doses of adrenaline. Nor does pre-exposure to high concentrations of
AQUI-S or MS222 appear to affect the vascular response to adrenaline in perfused salmon
tail preparations. Thus MS222 and AQUI-S do not appear to affect the functioning of the
a-adrenergic receptors effecting vasoconstriction.
Given that catecholamines are the primary hormonal regulators of cardiovascular
function during periods of extreme stress in fish (Randall and Perry, 1992), any drug that
modifies the 'nonnal' in vivo response to catecholamines could cause increased
mOl1alities.

In both the isolated vessel myography and perfused tail experiments, exposure to
either AQUI-S or MS222 anaesthetic caused a significant vasodilation of blood vessels.
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Both these anaesthetics at the concentrations tested in this study, have been shown to
cause dilation of afferent and efferent branchial arteries in the Chinook salmon and the
spotty (Notolabrus celidotus) (Hill, 1999). MS222 also causes dilation of the secondary
lamellae in rainbow trout (Soivio and Hughes, 1978). In both fish and mammals,
anaesthetic induction reduces systemic blood pressure (present study; Hill, 1999; Sellgren
et aI., 1992) and local anaesthetics are often administered in combination with adrenaline
to improve their efficacy (Meechan, 1990). The dilatory actions of anaesthetics are most
likely due in part to a direct effect on the smooth muscle cell and in part to their inhibitory
effects on the sympathetic nervous system. Sympathetic neurons contribute to blood
pressure homeostasis by regulating vascular resistance (Baum, 1977; Sellgren et aI.,
1992). As discussed in Chapter 2, anaesthetics act via widespread depression of the central
nervous system. Although the exact mechanisms of anaesthetic action are still not fully
understood, anaesthetics appear to have direct effects on a variety of ion channels in both
mammals and teleosts, including Na\ Ca2+ K+ ruld GABA A chalmels (Meechan, 1990;
Sellgren et aI., 1992; Quast, 1993;' Wartenberg et at, 1994; Benoit, 1995). Anaesthetics
also appear to have direct effects on glutamate receptors, 5HT receptors and nicotinic
acetylcholine receptors (Ragsdale et aI., 1994; Benoit, 1995; Tonner and Miller, 1995;
Trudell and Bertaccini, 2002; Ingvaast Larson, 2003).
Contraction of vascular smooth muscle is a

dependant process. Smooth

muscle contraction is activated either by an increase in myoplasmic free Ca2+ or a change
in the sensitivity of the contractile apparatus for Ca2+ (Quast, 1993; Riieg, 1998; Hill et aI.,
200 I). Contractile agonists such as adrenaline initiate phospholipase C hydrolysis of PIP2
to IP3 and DAG (Quast, 1993). IP3 goes on to release Ca21 from intracellular stores while
DAG acts with the released Ca2+ to activate protein kinase C, which sensitises the
contractile apparatus (Quast, 1993).
In hypertensive rats, isoeugenodilol, a chemical derivative of isoeugenol (the
active component of AQUI-S) has been shown to decrease mean blood pressure and heart
rate in a dose dependant manner (Yeh et aI., 2000). This vasorelaxant activity was
attributed to ability of isoeugenodilol to inhibit L-type Ca2+ chrumels, receptor mediated
Ca2+ mobilisation and stimulation of K+ channel opening (Yeh et aI., 2000). This idea is
supported by recent work investigating the mode of action of eugenol (the active
ingredient in clove oil) on rings of rat thoracic aorta (Damiani et aI., 2003). In isolated
aortic rings, eugenol produces a concentration dependant depressant effect on KCI and
phenylephrine induced contractions. The inhibitory effects of eugenol were attenuated, but
not prevented by removal of the endothelial layer. This result, coupled with the fact that
-----------------
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eugenol also reduced the contraction resulting from ul-adrenoceptor stimulation suggests
that eugenol might interfere with both voltage and receptor operated Ca2+ channels,
reducing Ca2+ influx and consequently contraction (Damiani et aI., 2003). Although the
maximal vasorelaxing actions of eugenol were not inhibited in the presence of the Nitric
Oxide blocker, L-NAME, or guanylyl cyclase inhibitor, methylene blue, sensitivity to
eugenol was greatly reduced. This suggests that the actions of eugenol may be partially
endothelium-dependent and mediated by the Nitric-oxide- guanylyl cyclase pathway. The
authors suggest that endothelial dependence is seen at low concentrations (300pM) of
eugenol, whereas at higher concentrations (10-6_1 0·2M), the Ca2+ channel blocker action
prevails (Damiani et aI., 2003). In regards to AQUI-S specifically, recent work has
indicated that isoeugenol causes neuro muscular blockade in rat phrenic nerve diaphragm
preparations, acting as a competitive non-depolarising blocker of nicotinic acetylcholine
receptors on the muscle end plate (Ingvast-Larsson et aI., 2003). These studies indicate
that AQUI-S, through its active component isoeugenol, can have a direct effect on the
contractile ability of the vascular smooth muscle and inhibit adrenergic ally mediated
smooth muscle contraction, at least in rats. Further work would be required to elucidate
the mechanism of vasorelaxation during AQUI-S anaesthesia in salmon.

Effects of vasorelaxation ill vivo.
What might this vasorelaxant effect of anaesthetics mean for the anaesthetised
animal? Basal vascular tone is set by myogenic activity of the smooth muscle eells of the
vascular system, which contract to counteract the stretch caused by blood pressure
(Bushnell, 1992). In fish, the circulation is a single pass system where the branchial and
systemic vascular beds represent the 2 major sites of resistance (Satchell, 1991). A
generalised picture of this circuit is as follows: the heart generates cardiac output that
enters the gills via the ventral aorta and the afferent branchial arteries, crosses the lamellae
and exits via the efferent branchial arteries. The dorsal aorta transports the oxygenated
blood around the body differentiating into a complex series of aIterioles, capillaries and
finally veins. Peripheral veins empty into central veins that return blood to the heart where
the circuit begins again (Satchell, 1991; Bushnell, 1992; Olson, 1998b). Blood flow
through peripheral vessels is primarily regulated by vasomotor nerves to the trunk.
Venous return is affected by several factors including arteriolar resistance and tone and
compliance of the systemic veins (Satchell, 1991; Olson, 1998b). If mteriolar resistance
increases, blood flow through the capillaries and veins is reduced decreasing the
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transmural pressure and the volume of blood contained in the veins hence decreasing
venous return to the heart (Satchell, 1991).
Anaesthetic induced dilation of the mterioles will theoretically have the opposite
effect. Blood flow and hence volume of blood to the capillaries and veins will increase
due to the decrease in resistance. Cardiac output is a product of heart rate and stroke
volume. In turn, stroke volume is determined by ventricular end diastolic volume and
myocardial contractility (Olson, 1998b). A reduction in either of these factors due to
anaesthesia will cause a concomitant decrease in cardiac output. In perfused rainbow trout
heart preparations, MS222 reduced ventricle contraction by up to 25% and contractile
force of ventricle strips fell dose dependently with increasing concentrations of MS222
(Ryan et aI., 1993). A reduction in cardiac output during anaesthesia will reduce the
amount of blood perfusing the gills, even though the gill vasculature may also dilate in
response to anaesthetic (Soivio and Hughes, 1978; Hill, 1999).
In non-anaesthetised fish, arterial hypotension tends to decrease heart rate and
reflexively increase central venous pressure and systemic pressure in the trout (Wood and
Shelton, 1980, cited in Olson, 1998a). It is possible that this is mediated by baroreceptor
activity (Olson, 1998a). In humans, anaesthetic agents have been shown to inhibit skeletal
muscle nerve sympathetic activity as well as significantly inhibiting baroreceptor
mediated reflexes (Sellgren et aI., 1992). In vivo, (refer Chapter 2) heart rate increased
significantly in salmon during anaesthesia with AQUI-S. It is possible that this rise in
heart rate was due to a combination of vagal release mld also a reflex mediated attempt to
offset the drop in dorsal aortic pressure seen during induction.

Effects of vasodilation on venous return
Anaesthetic induced vasodilation may also have an effect on venous return. The
post-abdominal tail represents a specialised region for facilitating venous return (Satchell,
1991). In the post abdominal region, the ventral processes of the spine fuse, forming the
haemal arch which encloses the dorsal aOlta and caudal vein. Segmental arteries arise
from the dorsal aorta to supply capillaries of the white and red muscle (Satchell, 1991).
Blood from the red and white muscles is collected into the segmental veins, which then
drain into the caudal vein. Under normal conditions, swimming movements compress the
muscle blocks and this action 'pumps' blood from the segmental veins into the caudal vein
and towards the heart (Satchell, 1991). Ostial valves at the opening into the caudal vein
prevent backflow of blood back into the segmental veins during swimming. Venous
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pressures in the tail are generally very low in teleost fish (Bushnell, 1992; Satchell, 1991)
and the haemal pump in the tail enhances venous return during swimming.
If anaesthesia reduces mean venous pressure by inducing a vasodilation of the tail
veins, then blood return to the heart may be reduced. Decreased muscle tone due to
neuromuscular blockade might also reduce the proportion of venous return attributed to
the action of the haemal pump.
However, a vasodilator effect on the systemic vasculature may also counteract
cardiovascular stresses associated with a high haematocrit. Blood viscosity is related to
the fraction of red blood cells in the blood and thus systemic resistance is related to
haematocrit (Bushnell et aI., 1992). The heart must generate enough force to overcome
vascular resistance. An increase in haematocrit increases systemic resistance and
concomitantly the amount of work required by the heart to overcome this resistance.
Dilation of the systemic vessels may offset the increases in haematocrit seen during
hypoxia and anaesthesia, thereby reducing energy demands on the heart. However, it may
also offset the benefit derived from -an increase in blood capacitance for oxygen.

With regard to the tail perfusion experiments in Series 4.2 it was seen that for both
MS222 and AQUI-S, dilation of the tail vasculature in response to anaesthetic was
attenuated in fish held for less than 2 weeks prior to experimentation. This group of fish
were labelled 'new' fish. It is not known why these results occurred, but the reduced
vasoactivity of AQUI-S in this group was highly reproducible. The obvious question is
therefore, how do the 'new' fish differ physiologically from 'old' fish? The answer, at this
point, can only be guessed at. However, a possible reason is offered below.
It is likely that the fish held for a shorter time were experiencing a stress response

due to the relatively short time for aquarium acclimation. This is generally characterised
by high levels of plasma catecholamines and cortisol (Reid and Perry, 1992; Mommscn et
aI., 1999). Both these honnone families affect teleost metabolism and responsiveness of
various physiological systems to different stimuli (Reid and Perry, 1991; Perry et aI.,
1996; Perry and Bernier, 1999; Mommsen et aI., 1999).

Proposed models of anaesthetic action.
AQUI-S has been shown to affect nicotinic acetylcholine receptors in the muscle
end plate of rats (Ingvast-Larsson, 2003) causing smooth muscle relaxation. The
acetylcholine receptor exists in several different states; resting, open and desensitised
(Tonner and Miller 1995; Shipton, 1999). Various anaesthetics of different chemical
Chapter 4 Discussion.
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Figure 4.11 Proposed mechanisms of anaesthetic action on nicotinic acetylcholine
receptors. (a) Inhibition of receptor function by binding of the anaesthetic to a site within
the channel lumen. (b) and (c) Allosteric inhibition of the receptors by anaesthetic
binding to a site remote from the channel preventing channel opening. (d) Inhibition of
the receptor by anaesthetic induced changes of the lipid bi-Iayer and/or lipid protein
interface. (Taken from Tonner and Miller, 1995).

composition interact with different receptor sites exelting both specific and non-specific
actions on the receptor (Tonner and Miller, 1995). Several models of anaesthetic
interaction with nicotinic acetylcholine receptors and other membrane ion channels have
been proposed (Tonner and Miller, 1995; Benoit, 1995; Shipton, 1999).

a) Direct inhibition or the receptor ion channel by binding of the
anaesthetic to a site within the channel lumen; (Figure 4.11, (a».
b) Binding to an allosteric site on the receptor, which changes the receptor
conformation thereby preventing channel opening; (Figure 4.11, (b & c)).
c) Inhibition of the receptor by anaesthetic induced changes of the lipid
bi-Iayer and lor the lipid protein interface (Figure 4.11, (d»).

If 'new' fish had raised plasma catecholamine and/or cOltisol levels and if these
hormones in some way modified, or affected proteins in the lipid bi-Iayer associated with
the nicotinic acetylcholine receptor, it is possible that their action inhibited AQUI-S
stimulated vasodilation. During strcss, cOltisol has been shown to bc important in
elevating mean blood pressure via central nervous system stimulation (Bamberger et a1.,
1996, cited in Mommsen et al., 1999). Davidson et al., (2000) demonstrated an increase in
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plasma cortisol levels upon AQUI-S anaesthesia. However, in the present study fish were
not exposed to AQUI-S until it was added to the perfusion medium.
In the so-called 'old' fish, levels of cortisol may have been reduced to
concentrations that no longer inhibited the proposed mechanism of AQUI-S induced
vasodilation. Given the vasodilatory effect of MS222 on the tail vasculature of both 'new'
and 'old' fish, it is likely that this anaesthetic acts more directly on specific ion channels.
MS222 is used as a local anaesthetic in mammals. Following injection, the anaesthetic
dissociates into a lipid soluble free base, which passes through the cell membrane into the
nerve axon. Here, it is reionised and enters the Nat- channels, effectively 'plugging' them
(Aitkenhead and Smith, 1996). In the squid axon, MS222 blocks signal conductance by
suppressing Nat movement across the membrane (Frazier and Narahashi, 1975). It is
unlikely Na+ channels on the axon membrane would be altered during stress, and therefore
this may explain why MS222 elicited vasodilation in both groups of fish.

Obviously to elucidate possible reasons for these differences requires further
experimental work. The effects of artificially raised cortisol and/or catecholamines on the
response of both 'new' and 'old' fish could be investigated. This would however be
intensive and time-consuming and would best suit a study aimed at elucidating the
mechanism of AQUI-S anaesthesia in fish. Recent work in the rat has indicated that
AQUI-S, although causing neuromuscular blockade may not inhibit sensory neurons
(Ingvast-Larsson, 2003). Therefore this could be an interesting and very important
dilemma to resolve.

In conclusion, in both mammals and teleosts, anaesthetics are known to cause a
decrease in blood pressure in vivo. This is most likely mediated by the anaesthetic effects
on the sympathetic nervous system and via direct effects on Ca2+ movements in the
vascular smooth muscle. This drop in systemic pressure, coupled with possible direct
effects of anaesthetics on the myocardium could cause significant stress on the heart as it
attempts to maintain blood flow. However, anaesthetic induced vasodilation may also
reduce workload on the heart and offset hypoxia initiated increases in haematocrit.

Chapter 4 Discussion.

5. General Discussion

114

Chapter
General discussion.
The exact molecular mechanisms of anaesthetic actions still remain unclear despite
extensive research and debate on the subject. However, it is agreed that anaesthetics, both
general and local exhibit profound effects on the cardiovascular system of vertebrates
(Black, 1980; Quast, 1993; Hill, 1999).
In Chinook salmon, it was seen that light anaesthesia with AQUI-S caused a

decrease in blood pressure coupled with an increase in heart rate from resting values.
During recovery, blood pressure rose and heart rate fell to resting values. However, there
was no significant increase in circulating plasma catecholamines, suggesting that
anaesthetic action alone is not responsible for increases in plasma catecholamines seen in
previous studies (Iwama et aI., 1989; Hill, 1999). This was corroborated by in situ
perfusion of the salmon chromaffin tissue with AQUI-S concentrations high enough to
induce anaesthesia in the whole animal. AQUI-S did not stimulate catecholamine release
from the chromaffin tissue. In vivo, there were marked changes in haematocrit and mean
cell haemoglobin concentrations consistent with well-established red blood cell responses
to hypoxia. Theses effects were reproducible in vitro, when red blood cells were exposed
to hypoxic conditions. However, hypoxia alone did not stimulate catecholamine release
from the chromaffin tissue ofthe salmon, in situ.
During prolonged anaesthesia and surgery, both Chinook salmon and Snapper
released high concentrations of both adrenaline and noradrenaline into the circulation. In
this case however, changes seen in haematological variables are most likely reflective of
adrenergically mediated red blood cell responses combined with a direct response to
hypoxia.
Given the changes in blood pressure seen during anaesthesia in vivo, a series of in

vitro and in situ experiments using isolated rings of hepatic portal vein and perfused tail
preparations, were developed to investigate whether anaesthetics could exert direct effects
on the vascular smooth muscle. Both AQUI-S and MS222 caused a significant
vasodilation of vascular smooth muscle in the hepatic portal vein and the tail vasculaturc
of the Chinook salmon.
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From these results, several conclusions can be made,
II

Anaesthetic induced hypoxia is the proximate stimulus for catecholamine
release

..

Hypoxaemia at the level of the chromaffin tissue, in the absence of other
stimuli, is not sufficient to stimulate catecholamine release.

..

AQUI-S and MS222, in low concentrations, appear to have little effect on
the ability of Chinook veins to react to catecholamines, in vitro.

III

High concentrations of catecholamines are cleared from the circulation of
both Chinook salmon and Snapper rapidly following recovery from
anaesthesia.

..

AQUI-S and MS222 appear to have direct effects on the vascular smooth
muscle of the Chinook salmon tail and on hepatic portal veins.

We can also construct an image of what may happen as a fish undergoes general
anaesthesia. As the fish is exposed to the anaesthetic (e.g 60ppm AQUI-S), the initial
response seen is as a decrease in P DA possibly due to a direct effect of the anaesthetic on
the vascular smooth muscle. Heart rate begins to reflexively increase to offset this. As
anaesthesia deepens, vagal inhibition on the heart is reduced and heart rate continues to
increase steadily. The red blood cells begin to swell, possibly due an increase in plasma
pH. Accumulation of anaesthetic in neural tissues reduces ventilation and may begin to
have a direct inhibitory effect on the myocardium of the heart. A state of severe hypoxia
now ensues. As blood P02 falls to around 50% saturation, catecholamines are released
from the chromaffin tissue into the circulation. These catecholamines act to maintain
blood pressure in the face of increasing anaesthetic load. Possible

~-adrenergic

action on

the heart helps to maintain heart rate. The activation of Na+/W exchangers on the red
blood cell membrane and the recruitment of red blood cells from the spleen maintain HbO2

affinity

and

blood

oxygen

saturation.

Upon recovery,

circulating plasma

catecholamines are quickly sequestered by the organs and metabolised/excreted by the
gill. Table 5.1 gives a comparison between the cardiovascular changes seen during
hypoxia and those seen during anaesthesia, based on the observations of the present study.

Actions of Catecholamines.
The catecholamine hormone system is one of the most important endocrine
systems that has evolved in vertebrates, due primarily to its extensive and powerful
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ANAESTHESIA

HYPOXIA

11

III

Ventilation JJ

Ii

PDA JJ

Herui Ratc JJ

III

Heart Rate

II

Hypoxia induced RBC swelling

II

Hypoxia induced RBC swelling

II

Catecholrunine release ~blood Pso

II

Catecholamine release ~blood P so

II

Catecholamine induced RBC

II

Catecholamine induced RBC

II

Ventilation

II

P DA

II

11

11

swelling and RBC recruitment

swelling and RBC recruitment

from spleen

from spleen

Table 5.1 Comparison of in vivo cardiovascular changes seen during hypoxia and anaesthesia.

interaction with the cardiovascular system. The catecholamine stress response in
vertebrates has evolved through natural selection pressure to respond to those situations
which present the greatest ehallenges for a paliicular rulimal. Not all vertebrates will
release similar concentrations of catecholamines under the same environmental stress. For
example, humans are known to release significant plasma concentrations of adrenaline in
response to hypovolemia and intense mental stimulation i.e problem solving (Esler et aI.,
1990). Although catecholamine release is a general response to hypovolemia in vertebrate
groups, it is not clear whether fish for example, would have need of an adaptive response
to problem solving. Fish are more likely within their lives to encounter periods of extreme
hypoxia and therefore this is a strong trigger for catecholamine release in many teleost
fish. It is unlikely that humans routinely encountered severe hypoxia throughout their
evolution and consequently hypoxia alone is not a strong stimulator of catecholamine
release.
In the resting state, catecholamines are important neurotransmitters released from
adrenergic nerve terminals. Fish blood vessels are generally well innervated, and the basal
vascular tone is maintained in part by neuronal adrenergic influence (Olson, 1998b; Hill et
a!., 2001). Plasma catecholamines appear to have little or no influenee on vascular tone
during rest (Conklin and Olson, 1994) although circulating catecholamines may be an
Chapter 5 General Discussion.
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important pool of neuronal catecholamine uptake, possibly sustaining neuronal
sympathetic tone (Xu and Olson, 1993a) Direct effects on systemic vascular resistance
only occur following an acute stress when they are released into the circulation in high
concentrations e.g.>200nM (Randall and Perry, 1992; Wendelaar Bonga, 1997; Perry and
Bernier, 1999).
Despite the long-held VIew that release of high concentrations of plasma
catecholamines is a general feature of the primary stress response in fish, there is growing
evidence to suggest that catecholamines are only released into the circulation in high
concentrations during intense or chronic strcss (Randall and Perry, 1992; Perry and
Bernier, 1999; Perry et aI., 2004). These stresses include severe hypoxia, exhaustive
exercise and hypercapnia, all of which seriously compromise blood oxygenation (Boutilier
et aI., 1986; Aota et aI., 1990; Randall and Perry, 1992: Perry et aI., 2004). The pivotal
role of plasma catecholamines during acute stress is undisputed and their physiological
importance is illustrated by the wide variety of neuroactive peptides that trigger their
release from the chromaffin tissue (refer Chapter 3). These alternate pathways of
catecholamine release may represent possible 'backup' systems that came into play when
nicotinic pathways are blocked or inhibited in some way.

Stimulation of catecholamine release

One of the central questions m terms of the catecholamine mediated stress
response in fish, has focussed on the proximate stimulus for catecholamine release from
the chromaffin cells. Studies over the past decade have emphasised the relationship
between a decrease in blood oxygen-haemoglobin affinity and catecholamine release. In
several teleost species, it has been shown that during hypoxia catecholamine release
occurs abruptly at a critical Pa02 value corresponding to the PSG value of blood (for
references see Randall and Perry, 1992; Perry and Bernier, 1999; Perry et aI., 2004).
Although rainbow trout acclimated to varying temperatures (Perry and Reid 1994, cited in
Perry and Bernier, 1999) or hypercapnia (Julio et aI., 1998) exposed to hypoxia released
adrenaline into the circulation at differing Pa02 values compared to control fish, this value
was correlated to their respective Pso values. This response has also been observed in the
tropical fish ..... and ...... (Perry et aI., 2004). When the obligate air breather ..... was
exposed to hypoxic water (P0 2 <10 Torr) but allowed access to air, it did not release
catecholamines. However, when th experiment was repeasted and the fish not allowed
access to air, catecholamine were relased into the circulation when boo I oxygen saturation
fell below PSG. Thus it appears that a depression of blood oxygen content rather than a
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decrease in P02 is the proximate stimulus for catecholamine release in teleost fish. The
ability of catecholamines to increase blood Hb-0 2 biding affinity has been discussed in
detail previously (refer Chapter 3, discussion).
In trout, CO2 excretion from the red blood cell is dependant on the release of Bohr
protons from haemoglobin during oxygenation (refer Chapter 3 for details). Oxygenation
of trout blood in vitro is non-linear with the majority of Bohr protons being released
between 60-100% Hb saturation (Brauner et aI., 1996b). Oxygenation of blood over this
area of the Hb-0 2 equilibrium curve also enhanced HC03- flux rate across the HC0 3-ICl"
exchanger on the red blood cell membrane by 30%, whereas oxygenation below this point
on the curve did not enhance CO2 excretion in vitro (Brauner et aI., 1996b). It is possible
that the sudden reduction in red blood cell CO2 excretion at values below 60% oxygen
saturation is involved somehow in the stimulation of catecholamine release below blood
P50 values in trout. A decrease in CO 2 excretion would tend to decrease red blood cell pHi
and decrease Hb-0 2 affinity. This drop in blood oxygenation and decreased pHi stimulates
catecholamine release, which in turn enhances Hb-0 2 affinity by raising pHi.

How might hypoxia be sensed in vivo, and how does this stimulate catecholamine
release from the chromaffin cells? There is recent evidence suggesting that humoral
catecholamine secretion during hypoxia is mediated by peripheral O2 chemoreceptors in
trout gills (Reid and Perry, 2003). The role of O2 chemoreceptors in stimulating
catecholamine release in fish has been previously discussed in Chapter 3. O2
chemoreceptors have been identified in the gill filaments of fish, and these cells resemble
the chemoreceptor cells of mammals (Burleson and Milsom 1993). Although it seems
likely that O2 chemoreceptors in fish gills share similar transduction mechanisms as their
mammalian counterparts due to their sensitivity to NaCN, the cellular mechanisms by
which O2 sensing is achieved are not fully understood (Burleson and Milsom, 1993; Reid
and Pen)" 2003). Studies of mammalian chemoreceptors have indicated a possible role of
either K+ or Ca2+ in stimulating neurotransmitter release from these chemoreceptors
(Burleson and Milsom, 1993). Despite the lack of knowledge concerning the mechanisms
of O2 sensing, it is well known that these gill chemoreceptors respond to hypoxia (Reid
and Perry, 2003). Via some as yet undescribed mechanism, O2 chemoreceptors at the gill
are stimulated during hypoxia, most likely by a decrease in blood P02 • Somehow, this
signal is conducted through the body to the chromaffin cells, which respond by releasing
catecholamines into the circulation. There is no evidence as yet to suggest that
anaesthetics have any direct inhibitory effects any proposed signal transduction system of
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O2 chemoreeeptors. However, addition of propranolol, a

~-adrenergic

antagonist has been

shown to attenuate the afferent response to hypoxia and NaCN in the trout gill. This was
attributed to the membrane stabilising (anaesthetic) effect of propranolol rather than its
antagonistic properties (Burleson and Milsom 1990, cited in Burleson and Milsom, 1993).
However, in the present study, both salmon and snapper released high concentrations of
plasma catecholamines. This suggests that AQUI-S at least does not modify
chemoreceptor stimulated catecholamine release.

Metabolic actions of catecholamines.

The metabolic actions of catecholamines are summarised in Table 5.2.
Catecholamines also act as glucoregulatory hormones, affecting earbohydrate and lipid
metabolism both in fish and in mammals, although specifics vary between the two groups
(Esler et aI., 1990; Fabbri et al., 1998). Hypercapnia and hypoxia depress glycogen
phosphorylase activity but increase pyruvate kinase activity, leading to a decrease in
glucose levels (Randall and Perry, 1992). Following release into the circulation,
catecholamines act rapidly to induce hyperglycemia, in part by activating hepatic
glycogen phosphorylase and thereby stimulating glycogenolysis and glucogenolysis
(Wendelaar Bonga, 1997; Fabbri et al., 1998; Perry and Bernier 1999). Adrenergic
activation of a honnone sensitive triacylglycerollipase results in liberation of glycerol and
free fatty acids (Fabbri et al., 1998) although there are significant inter and intra species
differences in the sensitivity of the tissues to catecholamine induced lipolysis (Fabbri et
aI., 1998). Catecholamine also sustain oxidative metabolism in trout red blood cells during
acidosis in pati by enhancing erythrocyte lactate oxidation (Wood et aI., 1990, cited in
Randall and Perry, 1992).
In marine teleosts, such as the snapper, catecholamines may also enhance 11
extrusion across the gill epithelia, a process mediated by ~-activation of Na+fHt and
Na+/NHt exchangers (Claiborne, 1998). Adrenaline may also playa role in protecting the
myocardium from acidosis. Accumulated protons during acidosis may compete with Ca2+
for binding sites on the myocardium, decreasing contractile force and cardiac output
(Satchell, 1991). In vitro studies have indicated that this can be reversed by addition of
physiological concentrations of adrenaline to perfused heali preparations, although the
exact mechanism is unclear (Satchell, 1991).
Catecholamines are not the only honnones secreted during acute stress. The
glucocorticoid cortisol is the major honnone released via the hypothalamic-PituitaryInterrenal axis, and is primarily described in literature as a stress hormone (Wendelaar
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Catecholam ines
•
•
•
..
•

Blood glucose fr
Blood lactate fr
Changes in free fatty adds
Tachycardia
Increased cardiac output
Vasodilation or vasoeonstriction
Inereased Haematocrit
Glueogenesis in the liver

Cortisol
Protein mobilisation
Protein synthesis 11
• Inhibition of growth
Carbohydrate utilisation U
• fr glucose produetion fi'om tissue
protein
• Glyeogen deposition in the liver
Changes in membrane permeability
11 produetioniaetivity ofNa+/K+ATPase

Table 5.2 The effects of catecholamine and cortisol release on the cardiovascular system and
metabolism of fishes (Taken from Ross and Ross, 1984).

Bonga, 1997; Mommsen et aL, 1999). Although cOltisol is well documented as having
similar effects as catecholamines on fish metabolism (Table 5.2), cortisol tends to have
persistent, long-term effects remaining in the plasma in high concentrations for extended
periods of time (Mommsen et al., 1999).

Anaesthesia and Hypoxia.
The actions of cateeholamines and cortisol during either acute or prolonged stress
have adapted fish to cope specifically with environmental stresses that would occur
throughout their natural life. There is no natural selection pressure that would adapt fish
specifically to anaesthesia, which presents a unique challenge to fish due to both direct
chemical effects and central effects (i.e induction of hypoxia) on the cardiovascular
system. Therefore, the fish has to respond to those anaesthesia-induced stressors for which
it has specific physiological adaptive mechanisms, such as hypoxia.
As discussed in Chapter 2, a typical teleost response to hypoxia is characterised
by increased ventilation, reflex bradycardia and an increase in systemic resistance
(Satchell, 1991). In trout, the pulse pressure in both the ventral and dorsal aorta has been
shown to increase during hypoxia coupled with an inerease in resistance to blood flow at
the gills (Holeton and Randall, 1967; Satchell, 1991). This may be achieved by
catecholamine mediated actions on both the afferent and efferent branchial arteries.

~

dilation of the afferent al1erioles coupled with constriction of a muscular sphincter at the
opening of the efferent arterioles increases the amount of blood perfusing the gill,
physically increasing the surface area for gas exchange (Satchell, 1991) In rainbow and
steelhead trout, the efferent arteries themselves have been shown to dilate in direct
response to hypoxia (Smith et al., 2001). A similar effect on gill resistance has also been
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seen in the atlantic cod, (Fritsche and Nilsson, 1990) and the pacific Hagfish (Eptatretus

cirrhatus) (Forster et aI., 1992). An increase in vascular resistance at the gills may be
associated with shunting of the blood though alternate vascular pathways, increasing the
blood sheet across the gills and decreasing the diffusion distance between blood and water
(Holeton and Randall, 1967; Satchell, 1991) Gill perfusion during hypoxia is also
enhanced by the maintenance of cardiac output, due almost entirely to an increase in
stroke volmne, achieved by increased filling times during bradycardia (Ho1eton and
Randall, 1967; Fritsche and Nilsson, 1989; Satchell, 1991).
In the pacific hagfish, hypoxia increased branchial resistance although there was
no change in heart rate or systemic vascular resistance even though cardiac output
increased by 40% (Forster et aI., 1992). A comparative study of three marine teleosts
showed that individual species may exhibit some or none of the above described responses
(refer Chapter 2; Fritsche, 1990). Differences between species may be indicative of
ecological and behavioural differences. Vascular changes seen during hypoxia can be
attributed to direct actions of high concentrations of circulating catecholamines.

Possible vascular effects of AQUI-S and MS222.
Any attenuation of the response to hypoxia due to either AQUI-S or MS222
would be most likely to occur in the vascular system, given the strong anaesthetic induced
vasorelaxation seen both in vitro and in situ. Neither of these anaesthetics however
appears to have significant effects on the ability of blood vessels to respond to adrenaline

in vitro, although whether this represents the situation in vivo is unknown. If either
anaesthetic blocks the actual contractile mechanisms of the smooth muscle (i.e ion
currents), then one would assume that the ability of blood vessels to contract in response
to adrenaline would be inhibited. However, this effect was not seen in vitro suggcsting
that anaesthetics may block neuronal adrenergic tone but have a lesser effect on the
actions of plasma catecholamines.

In vitro AQUI-S and MS222 caused dilation of the HPV within I minute of
anaesthetic addition. An almost identical time frame was seen in the perfused salmon tail
(:S 1.5 minutes). In vivo, a decrease in PDA was secn within 2 minutes of the start of

induction with 60ppm AQUI-S. However, following 5 minutes of exposure to 60ppm
AQUI-S, Chinook salmon showed no increase in circulating levels of plasma
catecholamines. From these results it appears that in vivo the fish would likely experience
a significant anaesthetic induced vasodilation well before catecholamines are released into
the circulation. The effects of a systemic vasodilation have been discussed previously in
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Chapter 4. Dilation of systemic vessels can decrease venous return due to pooling of the
blood in peripheral tissues and a decrease in the efficiency of physical venous return
mechanisms such as the haemal arch pump, which relies on the contraction of postabdominal muscle blocks to move blood back towards the heart (Satchell, 1991).
If all blood vessels dilate in response to AQUI-S or MS222 to the same degree,
then the overall effect on cardiovascular homeostasis may be relatively small. However,
this is unlikely to be the case. Different vascular beds receive varying degrees of
adrenergic and cholinergic innervation (Satchell, 1991; Olson, 1998b; Hill et aI., 2001)
and therefore may be differentially susceptible to various anaesthetics. This would
obviously depend on the mode of action of the anaesthetic in question. Hill (1999) found
that efferent branchial arteries from both spotty (Notolabrus ceUdotus) and Chinook
salmon showed a greater dilation than afferent branchial alterics in response to either
MS222 or AQUI-S. Whether these differing responses are 'good' or 'bad', would depend
on the response of various vessels in the absence of anaesthetic. Normally the afferent
pathways dilate during hypoxia, so an anaesthetic induced vasodilation might even
enhance this response, moving more blood into the gill. However, as discussed above, the
muscular sphincter at the opening to the efferent branchial arteries constricts during
hypoxia, enhancing blood oxygenation at the gill. Dilation of the sphincter may favour the
movement of blood through the marginal and basal channels and decrease the number of
lamellae perfused (Soivio and Hughes, 1978; Satchell, 1991) thereby reducing blood
oxygenation at the gill. It is likely that any anaesthetic induced changes in vessel
resistance at the gill will occur prior to any systemic changes in resistance, given that the
gill is the primary site of anaesthetic uptake, and will 'sec' the anaesthetic directly.
While anaesthesia may counteract some of the actions of catecholamincs on the
vascular system, it appears that AQUI-S and MS222 at least, have little effect on
catecholamine-mediated changes in red blood cell volume and haematocrit. Also, the use
of MS222 is associated with hyperglycemia (Ross and Ross, 1984), indirectly inferring
that it does not attenuate catecholamine-stimulated glucogenolysis. The ability of the fish
to maintain blood oxygenation and glucose availability in vivo even in the presence of
anaesthesia may off-set some of the less desirable effects of the anaesthetic on the
vasculature, at least during relatively short inductions. If blood oxygenation and
metabolite excretion can be maintained and the blood moved through the circulation, then
vascular resistance changes due to anaesthesia may, overall have a negligible effect on the
efficiency of the cardiovascular system.
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Prolonged anaesthesia that causes a continual vasodilation may have deleterious
consequences. The blood of snapper, anaesthetised with 100ppm MS222, has been shown
to contain anaesthetic concentrations of up to 73 ± 1.8mgL- 1 (Ryan, 1992). In the present
study, perfusion of the Chinook salmon tail with 50ppm MS222 elicited significant
vasodilation, until the anaesthetic was washed out. This indicates that the blood vessels of
fish could be exposed to anaesthetic concentrations close to or possibly exceeding
externally applied concentrations. A profound hypotension that reduces blood flow back
to the heart may simulate hypovolemia, another strong stimulator of catecholamine
release. It is possible that this may elicit a further increase in plasma catecholamines
above those already released to deal with hypoxia. Although there is some evidence for a
negative feedback system regulating catecholamine release, the combined stress of
hypoxia coupled with a sustained hypotension may 'overload' the system and lead to a
continual secretion of catecholamines, particularly ifhigh anaesthetic concentrations block
the hypertensive actions of catecholamines. Excessive levels of catecholamines are known
to have detrimental effects. Following surgery and black box confinement, Salmo salar
infected with amoebic gill disease, have been observed to develop extreme hypeliension
to values above 190 cm H20, at which point, the fine blood vessels of the gill and
eventually the heart itself, literally burst. (M. Forster, pers.comm.). Both disease and
surgery are known to significantly elevate plasma catecholamine levels (Wendelaar Bonga
1997; Fabri et aI., 1998).

In vitro versus in vivo responses.

Although adrenaline elicited a pressor response when applied to hepatic portal
vein rings in the presence of 60ppm AQUI-S and 50ppm MS222 in vitro, it is possible that
in vivo, high concentrations of anaesthetic modulate the response to adrenaline. Prolonged

anaesthesia with MS222 has been shown to have direct effects on the heart and neural
tissues due to concentration of anaesthetic within these tissues to levels far exceeding
external concentrations (Peirce and Peirce 1967; Houston, 1971b; Ryan, 1992; Ryan et aI.,
1993). The concentration of anaesthetic in these tissues leads to neural inhibition of
ventilation and direct effects on the myocardium, eventually leading to cardiac failure. It
is possible that high levels of anaesthetic in the tissues cause a hypotension greater than
any hypertensive effect that can be generated by the actions of catecholamines. The
anaesthetic may essentially 'over-ride' or 'block out' catecholamine effects on the smooth
muscle. Ryan et aI., (1993) found that rainbow trout hearts perfused with 10mgL-1 MS222
showed a fall in both maximum cardiac output and power output of approximately 25%.
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The same result was also seen in paced ventricle strips. Additionally, the anaesthetic was
concentrated in the tissues of the heart up to 3 times higher than the concentration in the
perfusate. It is likely the high lipid solubility of MS222 allows it to bind to the sino-atrial,
atrial and ventricular nervous tissue, disrupting nerve transmission through the
myocardium (Ryan et al., 1993). There is evidence to show that AQUI-S is concentrated
in the edible tissues of Perch (Bidyanus bidyanus) (Kildea et aI., 2004). During exposure
to lSppm AQUI-S, perch accumulated up to 24mgKg-l of the active ingredient, isoeugenol. However, levels dropped rapidly within 6 hours and were undetectable by 48
hours following exposure.
In reality, it is often difficult to extrapolate what will occur in vivo from in vitro

results. Results from in vitro experiments may not take into account seasonal or other
differences between separate fish populations, unless studies are carried out over several
seasons. Indeed, it is now well known that trout are more sensitive to catecholamines
during summer than during winter (Randall and Perry, 1992). Also, in vitro experiments
isolate a particular organ or part of a particular system that in the absence of other in vivo
factors may behave differently from observed results in vivo. For example, in the present
study, the differences observed between 'new' and 'old' fish in response to perfusion of
the tail with anaesthetic may be unique to the isolated tail preparation and not occur when
other in vivo factors are present. Perfused tissues from the splanchnic circulation of
rainbow trout have been shown to be less sensitive to catecholamines than in vitro vessel
rings (Xu and Olson, 1993a). In a study of the effects of hypoxia on rainbow trout vessels
in vitro, it was seen that during apparently random 2-3 week periods, efferent branchial

and coeliacomesenteric arteries of steelhead trout and efferent branchial arteries of
rainbow trout were hyper-reactive to hypoxia compared to previous experiments (Smith et
a1., 2001). This was attributed to possible seasonal effects. While in vitro preparations
allow tight control over most experimental variables, interactive effects of different in vivo
control systems may be lost (Xu and Olson, 1993b). An example of this is the apparent
inability of hypoxia to directly stimulate catecholamine secretion from the chromaffin
tissue of perfused posterior cardinal vein preparations in salmon or trout (Present study,
Perry et al., 2000). However, a series of in vivo investigations following on from previous
work (Perry et al., 2000) indicated that hypoxia does stimulate catecholamine release from
the chromaffin cells, but this response is mediated by internally oriented O2
chemoreceptors at the gill that can monitor changes in Pa02 (Reid and Perry, 2003; Perry
et al., 2004).
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Anaesthetic effects on Haematocrit.

Anaesthesia with MS222 and AQUI-S are associated with an increase in
haematocrit (Hct) (Soivio, 1974a; Sovio et al., 1977; Brown, 1993; Hill, 1999; present
study). This increase in Hct occurs via a combination of erythrocyte swelling and
recruitment from the spleen, both mediated by plasma catecholamines (Randall and Perry,
1992). Resistance to blood flow is due primarily to the viscosity of blood, with velocity
being inversely proportional to the total cross-sectional area of a vessel (Satchell 1991).
Hct increases viscosity, which is inversely related to shear rate. Therefore, in central veins
where shear rate is low due to sub-ambient pressures, blood viscosity increases (Satchell,
1991; Wells and Weber, 1991). However, anaesthesia may alter the dependence of
viscosity on shear rate. Following anaesthesia with MS222, adrenergically swollen
erythrocytes from rainbow trout did not show a significant increase viscosity at low shear
rates (Wells and Weber, 1991). Further to this, Sorensen and Weber (1995) found that red
blood cell swelling in the presence of adrenaline reduces the Hct dependence of viscosity
in deoxygenated rainbow trout blood, at low shear rates Low viscosity is likely

advantageous for flow through the venous circulation where shear rates are also low
(Wells and Weber, 1991). Therefore, theoretically, anaesthetic induced vasodilation of
peripheral vessels will reduce the velocity of blood while at the same time, viseosity
decreases due to adrenergic eell swelling. The increased residence time of the blood cells
in the vessels may enhance oxygen delivelY to the tissues. The decrease in Hct
dependence on viscosity may also help reduce viscosity and therefore load on the heart, in
fish where erythrocytes have been sequestered from the spleen. Increasing Hct in this way,
by increasing total number of red blood cells would tend to increase viscosity.
Additionally, anaesthetic induced vasodilation may act to offset the effects on increased
Hct.

Conclusions.

Anaesthesia presents unique physiological challenges to both mammalian and
non-mammalian vertebrates due to its direct and modulating influence on cardiovascular
homeostasis. There is no natural selection pressure that would specifically adapt an animal
to cope with general or local anaesthesia. Therefore animals experiencing general
anaesthesia will respond physiologically with mechanisms that have evolved to deal with
side effects of anaesthesia. The most potent side effect being hypoxia due to depression of
the medullary centres of the brain where ventilation is controlled. Many teleost species are
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extremely well adapted to cope with hypoxia. The low capacitance of oxygen in water has
selected for this during their evolution and many fish will experience daily bouts of
hypoxia due to temperature increases within their environment e.g fish in inter-tidal rock
pools or shallow lakes. Therefore, several species have developed specific, well coordinated responses to hypoxia that aim to reduce energy demands, maintain blood and
tissue oxygenation and enhance glucosc availability. During extreme hypoxia, these
actions are regulated by the hormones adrenaline and noradrenaline (catecholamines).
Catecholamines act to increase systemic blood pressure, enhance haemoglobin-oxygen
binding affinity of the red blood cells and thereby CO2 excretion, increase plasma glucose
levels and many other actions that reduce the hypercapnic and acidotic effects caused by
hypoxia.
Anaesthetic action varies depending on the type, duration and molecular dynamics
of the anaesthetic used. For example, MS222 is used as a local anaesthetic in mammals
but induces general anaesthesia in fish. Fish recover rapidly from short inductions with
MS222 but mortality rates are high for most species studied when induction is prolonged.
Results from the present study indicate that anaesthesia with AQUI-S only stimulates
increases in plasma catecholamines during prolonged anaesthesia, which would represent
a period of intense hypoxia. This is in agreement with previous studies indicating that an
incrcase in circulating catecholamines is only seen during extreme stress. A short
induction with AQUI-S resulted in changes in Hct and MCRC consistent with hypoxia
induced red blood cell swelling. However, instead of the hypoxic increase in blood
pressure and well-documented bradycardia, salmon showed a fall in dorsal aortic pressure
coupled with a significant increase in heart rate. This could be due to a combination of
factors such as vagal release of the heart, direct anaesthetic effects on the vascular smooth
muscle and possibly a functional baroreflex. Both variables recovered to resting values
following anaesthetic withdrawaL In both snapper and salmon, there was a rapid increase
in blood pressure following deep anaesthesia. This implies that blood pressure had fallen
dramatically during induction, inspite of the extremely high concentrations of plasma
catecholamines present in the blood of both species. As an aside, the ability of both
species to rapidly clear these high concentrations of catecholamines from the circulation is
impressive and indicative of the fine control systems that are in place for these hormones.
The entire body seems able to sequester these hormones and attenuate their cardiovascular
effects rapidly once normoxia begins. Taking into account the in vitro and in situ data on
blood vessels, it is possible that high concentrations of anaesthetics, acting directly on the
vascular smooth muscle inhibit the normal pressor actions of adrenaline during hypoxia.
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In situ perfusion of the chromaffin tissue with hypoxic saline failed to elieit
catecholamine release, indicating that a local hypoxaemia is not the proximate trigger for
catecholamine release in fish. It now appears that O2 chemoreceptors on the gill lamellae
mediate catecholamine release from the chromaffin tissue, although the exact signalling
mechanisms underlying this mediation are still unknown.
It appears that the greatest effect of the anaesthetics used in this study was on the

smooth muscle of the vascular system where they counteracted the nonnal pressor
response to plasma catecholamines, even in the presence of very high catecholamine
concentrations. Effects on catecholamine mediated changes in blood variables such as
haematocrit and mean cell haemoglobin concentration appeared to be minimal, if indeed
present. The effects of anaesthetics on the vascular system may actually enhance perfusion
of the white muscle, which is recruited for high speed burst swimming, although what
advantage this would have in a restrained unconscious fish is unclear. It is possible that a
hypotensive effect of anaesthetics reduces the workload on the heart due to an increased
haematocrit, by reducing vascular resistance. This may also enhance the effect of a
reduction of haematocrit dependence on viscosity that has been documented in
deoxygenated trout blood.
hl conclusion, the effects of circulating plasma catecholamines during anaesthesia

with AQUI-S or MS222 seem to be very similar to the effects of catecholamines during
severe hypoxia. However, anaesthetic effects on the vascular smooth muscle may
counteract or inhibit the nonnal adrenergie pressor response, although this hypotensive
effect may be dependant on certain other unknown honnonal or environmental factors in
vivo. Fish, like any other animal species, show considerable inter and intra specific
variations in the response to various drugs or external agents. The response to anaesthesia
in anyone fish will depend on factors such as age, weight, health and prior history (e.g has
it been anaesthetised previously). The response from a particular species of fish will

depend heavily on their adaptive mechanisms to cope with hypoxia. The catecholamine
stress response is adaptive for hypoxia and exerts these adaptive effects during
anaesthesia. Light anaesthesia may modulate these effects to a degree but it is during
prolonged anaesthesia, where anaesthetic concentrations are often concentrated in various
tissues that anaesthetics are most likely to inhibit the actions of circulating
cateeholamines, to the detriment of the fish.
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