Akademisk Avhandling f6r Filosofie Doktorsexamen
Thesis for the Degree of Doctor of Philosophy

The Effects of Temperature on Gut
Blood Flow and Gut Motility in Fish

tor filosofie doktorsexamen i zoofysiologi som enligt naturvetenskapliga
fakultetens beslut kommer att forsvaras offentligt fredagen den 30 mars
2012, kl. 10.00 1 Lyktan Konferenscentrum Wallenberg,
Medicinaregatan 20A, Goteborg

av

Albin Grans

UNIVERSITY OF GOTHENBURG

Department of Biological and Environmental Sciences
Medicinaregatan 18,
Box 463, 405 30 Goteborg,
Sweden

2012



Published by the Department of Biological and Environmental Sciences,
University of Gothenburg, Sweden

Published papers are used with permission from the publisher:

I. and IV. The Company of Biologists Ltd, (http://www.biologists.com)
I1I. Springer, (http://www.springer.com)

© Albin Grans 2012
ISBN 978-91-628-8446-8

The summary section of this thesis is electronically published and available
at: http://hdl.handle.net/2077 /28573

Printed by Aidla Trading AB/Kompendiet, (http://www.kompendiet.se)



Till min familj



DISSERTATION ABSTRACT

The Effects of Temperature on Gut Blood Flow and Gut Motility in Fish
Albin Grans, 2012

In order for a fish to grow and thrive, the gut must function efficiently. This is
achieved through a range of processes, including controlled patterns of gut motility
and modifications in gut blood flow. How these processes are affected by long and
short-term changes in ambient temperature was the main focus of this thesis.

After acclimation to a higher temperature, the interdigestive motility of
rainbow trout was higher. This indicates an increased demand for movements
involved in the housekeeping functions of the gut. Temperature acclimation did not
affect the postprandial response, in neither gut blood flow nor gut motility. These
results indicate that thermal compensation processes work to neutralize acute
thermal effects, so that these two functions are maintained at a certain rate. Also, in
vitro preparations of isolated intestine showed signs of thermal compensation
processes, as the acute temperature effects on the response to the cholinergic
agonist carbachol were abolished after a temperature acclimation period.

Fish species studied responded very differently to an acute change in
temperature. A relatively linear correlation with temperature was seen in, both gut
blood flow and gut motility, in two species of sculpins (shorthorn and Arctic
sculpin). The gut blood flow, in both green and white sturgeon, was unaffected by
moderate fluctuations in water temperature during the interdigestive state. White
sturgeon were also studied after feeding and a correlation between gut blood flow
and temperature was observed, in a similar fashion as for the unfed sculpins.

Thermoregulatory behaviours observed in white sturgeon, show that moving
between different temperatures, after a meal, will have a great influence on the
volume of blood distributed to the gut. An increase in gut blood flow is probably an
important factor explaining why it can be beneficial to migrate into warmer waters
after feeding. However, if combining the presented data with data from previous
studies, it shows that perfusion of the gut can also be a limiting factor when the
environmental temperature changes. This is probably the reason why some fish
species forage in warm waters and then move into colder areas when digesting the
meal.

A leading hypothesis suggests that the temperature limitations for a fish are
mainly set by a reduction in metabolic scope. However, experimental data has
shown that temperature can have significant effects on both appetite and growth
before metabolic scope is reduced. The findings in this thesis suggest that oxygen-
limited thermal tolerance in the gut of fish could also be a significant variable in
determining the temperature range that fish can tolerate.
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INTRODUCTION

What is a fish?

This thesis is based on four studies (papers I-1V) that include five species of
fish: rainbow trout Oncorhynchus mykiss; shorthorn sculpin Myoxocephalus
scorpius; Arctic sculpin M. scorpioide; green sturgeon Acipenser medirostris
and white sturgeon A. transmontanus. Although fish is a well-established
term and most people would agree on what is, or what is not a fish, certain
points concerning the taxonomic classification should be noted. Rather than
being a monophyletic group, like mammals, fish are a paraphyletic group.
Thus, fish are principally defined by the exclusion of tetrapods, rather than
a unifying group where all who descend from the same ancestry are
included (Nelson 2006). Due to this broad definition of fish, the group
includes species that have been separated from other fishes for more than
500 million years (the hagfishes). All five species used in this thesis come
from the same subgroup, namely the class of chordates called Actinopterygii
(ray-finned fishes). The ray-finned fishes constitute over 95% of all extant
species of fish and were separated from the other chordates around 420
million years ago (Nelson 2006).

Where do fish live?
Today, there are over 30,000 described extant species of fish in the world,

and probably thousands left to identify (www.fishbase.org). They inhabit
almost all the world’s aquatic ecosystems, regardless of significant changes
in environmental factors such as altitude and temperature. Species of fish
are found from lakes in the Himalayan mountains at elevations of
approximately 4,600 meters, down to the deepest ocean trenches at 11,000
meters (Nelson 2006). They inhabit areas with temperatures ranging from
45°C in the African alkaline hot-springs down to almost -2°C under the ice
in the Arctic and Antarctic regions (Axelsson et al. 1992; Johnston et al.
1994). Fish are able to survive and be successful in this wide range of
habitats and temperatures due to an enormous scope in morphology,
physiology and behavioural adaptations.



Not only can different species of fish be found at different
temperatures, but also within species various adaptations have made it
possible for individuals to survive a wide range of temperatures both long-
and short-term. When individuals of various species have been tracked in
the wild, results show that every day involves exposure to a range of
temperatures. Fish living in temperate areas are subjected to large
variations in temperature, both seasonally and annually (Claireaux et al.
1995; Matern et al. 2000; Sims et al. 2006; Wallman and Bennett 2006). All
physiological processes are either directly or indirectly affected by body
temperature, and maintaining physiological function as the body
temperature changes is critical for the survival of an animal living in a
fluctuating environment (Portner and Farrell 2008; Farrell 2009). These
processes include respiration, reproduction, excretion and uptake of
nutrients. In order to absorb nutrients and deliver them to all cells in the
body of complex animals such as fish, a functional gastrointestinal system is
needed. As most fish are ectothermic, that is they control their body
temperature through external means, the high thermal tolerance on an
individual level is somewhat remarkable. The main focus of this thesis was
how a few of these gastrointestinal functions are affected by long and short-
term changes in ambient temperature.

The gut of fish

Functions of the gut
The gut is the organ where food is digested and nutrients are absorbed into

the bloodstream, whilst indigestible food ingredients are transported out of
the body. This is achieved through controlled digestive secretions, complex
motility patterns and regulated perfusion. Secretions of digestive enzymes
are essential for the breakdown of food as well as preventing the digestion
of gut tissues. Gut motility helps to mix, break down and transport the food
through the gut. The vasculature system of the gut supplies the gut tissues
with oxygenated blood and facilitates the transport of nutrients to other
parts of the body. The gut also has an important function as a barrier,
separating the internal environment from the external, and preventing
unwanted bacteria and viruses entering the bloodstream (Jutfelt 2011).
These functions are similar in most vertebrates. In addition to these more



common functions of the gut, some fish species can also use the gut as a
supplementary respiratory organ (McMahon and Burggren 1987).

Anatomy of the gut
The definition of what constitutes the gut varies somewhat between

authors. Sometimes it is defined as only the gastrointestinal canal (i.e. the
tube-like structure from the mouth to the anus) whereas other definitions
state that the gut also includes the accessory organs (i.e. liver, salivary
glands, biliary system, and pancreas). Throughout this thesis, [ will use both
the term gut and gastrointestinal systems, which both include the accessory
organs. The gut in fish can generally be divided into pharynx, oesophagus,
stomach, pyloric caeca, intestine and rectum, see Olsson (2011). Among
different species and groups of fishes, large differences in diets and feeding
strategies impose different demands on the digestive mechanisms. This has
led to specialisations in both the anatomy of the gut and the nature and
activity of its digestive enzymes (Olsson 2011). Figure 1 shows differences
in general gut anatomy of species from the three families of fish used in the
thesis, and of three additional families that all diverge from the common
structures, mentioned above. The arrangement of the gut wall in fish, is
similar to most other vertebrates consisting of four tissue layers: the
mucosa, the submucosa, the muscular layers and the serosa (Olsson and
Holmgren 2001; Olsson 2011) (See Figure 2).

The perfusion of the fish gut is achieved through a well-developed
vascular network. The anatomy of the vasculature system varies among
species, but in most investigated ray-finned fishes, the gut is mainly
supplied with blood via one large vessel, often referred to as the
celiacomesenteric artery (Thorarensen et al. 1991; Farrell et al. 2001; Seth
and Axelsson 2009). The celiacomesenteric artery divides into the intestinal
artery (mesenteric artery) and the gastric artery (celiac artery), which are
then further divided into increasingly smaller vessels ending with the
capillaries. In most fish investigated, additional blood supplies are found
towards the rear end of the gut (Thorarensen et al. 1991). Unfortunately,
blood flow through these small vessels cannot be measured with techniques
available today, and thus it is unknown how much they contribute to the
total gut blood flow in fish.

It is also important to note that even though the liver is also perfused
via the hepatic artery, the majority of the blood delivered to the liver is



Sa I mon idae (Oncorhynchus mykiss) LepidOSi renidae (Lepidosiren paradoxa)

Cotti d ae (Myoxocephalus scorpius) Cyp ri n i d ae (Cyprinus carpio)
ACi pe n Sel“id ae (Acipenser transmontanus) Sq ua I id ae (Squalus acanthias)

Figure 1. Differences in general anatomy of the gut in six fishes. The three to the
left, are species from the families included in the thesis. The main differences
between these three families are seen in the appearance of the pyloric ceaca and
the intestine. In Cottidae the pyloric ceaca sit in a ring at the very proximal end of
the intestine, in Salmonidae they are more dispersed, and in Acipenseridae they are
fused together as one structure. The sturgeons have a spiral intestine. On the right,
are three families that diverge in different aspects from the common structure:
Squalidae, like other elasmobranchs, lack pyloric ceaca and have a spiral intestine;.
Cyprinidae is the largest group of fish lacking a stomach; and Lepidosirenidae lack
both pyloric ceca and stomach, and have a spiral intestine. Modified from Olsson
2011.

venous blood via the portal circulation. Therefore, most of the blood supply
in the liver originates from the celiacomesenteric artery (Thorarensen et al.
1991).

The enteric nervous system
The gut is a densely innervated organ in all vertebrates including fish. The

autonomic nerves are involved in the control of most gut functions. The
autonomic innervation includes both extrinsic (from outside) sympathetic
and parasympathetic nerves and intrinsic nerves (the enteric nervous
system) (Kunze and Furness 1999; Olsson 2010; Grans and Olsson 2011;
Holmgren and Olsson 2011). The enteric nervous system consists of all
nerves with their cell bodies present in the gut wall. In fish, most of these
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Figure 2. A cross section of the gut, showing the four main tissue layers: the
mucosa, the submucosa, the muscular layers and the serosa, as well as structures
contained within these layers.

cell bodies are found within the myenteric plexus and the processes of the
cell bodies extend to all the other layers in the gut wall, innervating blood
vessels, glands, muscle cells etc. In other vertebrates, there is also a
submucosal plexus, but in fish this is either absent or very restricted
(Olsson 2010; Holmgren and Olsson 2011).

Nerves and endocrine cells within the gut secrete an array of signal
substances. Many of these signal substances act in a paracrine manner
(influencing neighbouring cells) or in an endocrine manner (transported
throughout the circulation and acting as hormones). Also, hormones
released elsewhere in the body can affect the functions of the gut. The
presence of signal substances in the fish gut has been studied intensively in
numerous species, and has recently been compiled into a comprehensive
table see Holmgren and Olsson (2011). However, there is limited knowledge
on the integrated effects of these signal substances in vivo on the
gastrointestinal system of fish. Factors such as nutrient composition,
distension of the gut wall, pH, and temperature affect the functions of the



enteric nervous system, which in turn alter the functions of the gut. The
work presented in this thesis has focused on how two of these gut functions,
namely gut motility and gut blood flow are affected by temperature.

Gut motility

What is gut motility?

Gut motility depends on the motor activity of the smooth muscle cells in the
gut wall and occurs when the muscles contract and relax. In mammals, this
has been shown to be essential for mixing and breaking down food
particles, as well as transporting ingested food from the mouth to the
stomach, and through the intestine, where nutrients are absorbed
(Szurszewski 1969; Kunze and Furness 1999). To optimize these functions,
and thus the processing of the food, the contractions and relaxations of the
smooth muscles need to be tightly regulated and coordinated (Kunze and
Furness 1999). The smooth muscle cells in the gut are connected via gap
junctions, which make it possible for electrical signals to spread between
cells, thus, enabling sections of the muscle layers to act as a single unit
(Gabella and Blundell 1981; Webb 2003).

Depolarisation of a smooth muscle cell opens voltage-gated Ca?*-
channels, which initiate an increase in intracellular levels of Ca?*. Once the
cell reaches a polarisation threshold, achieved by increasing depolarisation
of the cell, an action potential is generated and the muscle contracts
(Horowitz et al. 1999). In smooth muscles, an action potential is not
required to open voltage-gated Ca2?* channels, but graded potentials can
open a few channels allowing small amounts of Caz* into the cell (Horowitz
et al. 1999). Relaxation occurs when the intracellular Caz+ levels decrease
(Webb 2003). The influx and efflux of Ca?* can be seen as cyclic
depolarisation and repolarisation of the membrane. These rhythmic
electrical oscillations are often referred to as slow wave activity (Koh et al.
1998; Horowitz et al. 1999). Cells responsible for this rhythmic activity are
thought to be the interstitial cells of Cajal (ICCs) (Garcia-Lopez et al. 2009).
ICCs are found in the proximity of smooth muscle cells throughout the gut
and serve as a pacemaker cells (Koh et al. 1998; Garcia-Lopez et al. 2009).



The electrical slow waves spread from the ICCs to the smooth muscle
(Garcia-Lopez et al. 2009). Mammalian studies have shown that slow waves
often need additional stimuli from nerves or other signal substances in
order to initiate a contraction. ICCs are also thought to be present in fish,
although little is known of their function (Kirtisinghe 1940; Rich et al.
2007). The motility patterns of the gut, most likely depend on intrinsic
properties of the ICCs and smooth muscles, as well as the effects of intrinsic
and extrinsic nerves and hormones (Olsson and Holmgren 2001).

In mammals, there are two basic modes of muscular contractions
involved in gut motility. Local standing contractions mix the gut contents,
whilst propagating contractions are responsible for movement of gut
contents (Figure 3). There are different types of oral-to-anal propagating
contractions in fed and unfed animals. In the interdigestive state, the
propagating contractions are slow and travel long distances along the
intestine (Szurszewski 1969; Husebye and Engedal 1992; Grzesiuk et al.
2001). Postprandially, the most pronounced change in the gut is an increase
in mixing movements, as well as faster propagating contractions that spread
throughout shorter segments of the gut (Szurszewski 1969; Husebye and

Standing contractions Propagating contractions

Oral Anal Oral Anal

Figure 3. The two main motility patterns of the gut. Local standing contractions mix
the gut contents, while propagating contractions move the content in a direction.
Green arrows indicate contractions, red arrows relaxation. From Grans & Olsson
2011, reprinted with permission from Elsevier Inc.



Engedal 1992). Interdigestive motility patterns and secretion are believed
to have important housekeeping functions, preventing accumulation of
unwanted debris and bacteria (Stotzer et al. 1996; Grzesiuk et al. 2001;
Spencer et al. 2003; Lesniewska et al. 2006; Sjévall 2011).

Gut motility in fish
Data on gut motility in fish, mainly stem from in vitro studies, in which the

effects of different signal substances on isolated smooth muscle strips have
been elucidated, see recent review by Grans and Olsson (2011). However,
very little is known about, which motility patterns exist and the timing of
these patterns in vivo in fish. Regardless of variations in morphology and
diets, food is digested and transported through the system (Elliott 1972;
Jobling and Davies 1979; Persson 1979; Jobling 1980; Persson 1981; Elliott
1991). The transport of food through the gut is strongly influenced by gut
motility. Gut passage time and gastric evacuation rate have both been
studied extensively in fish (Elliott 1972; Jobling 1980; Temming et al. 2002;
Behrens et al. 2011). Although transportation time of gut contents does not
inform us of motility patterns, it can still be used as an estimate of motility
(Carlos and Diefenbach 1975; Harwood 1979).

Propagating contractions in vivo have been studied with video-
microscopy in transparent larvae of zebrafish Danio rerio and Atlantic
halibut Hippoglossus hippoglossus (Ronnestad et al. 2000; Holmberg et al.
2003; Holmberg et al. 2007). Also, in vitro and in situ studies looking at
larger sections of intestine of brown trout Salmo trutta, lesser-spotted
dogfish Scyliorhinus canicula, and Atlantic cod Gadus morhua, have
identified both propagating and standing contraction patterns (Burnstock
1958; Andrews and Young 1993; Karila and Holmgren 1995). Propagating
contractions with both an oral-to-anal (anterograde) and anal-to-oral
(retrograde) direction have been reported in vivo in fish larvae and in situ in
lesser-spotted dogfish (Andrews and Young 1993; Roénnestad et al. 2000;
Holmberg et al. 2003). The anterograde propagating contractions appear to
be relatively regular contractions, spreading along large parts of the
intestine (Holmberg et al. 2003). Whether fish, like mammals, change their
motility patterns after feeding is still unclear.



Gut blood flow

What is gut blood flow?
Perfusion of the gut is a basic physiological process that is necessary to

sustain oxygenation and nutritional levels in all cells. A sufficient blood flow
is also required to transport absorbed nutrients from the mucosa to other
parts of the body. In an undisturbed and unfed animal during the
interdigestive state, the gut blood flow is maintained at levels sufficient for
necessary housekeeping functions. These include maintaining interdigestive
motility activities, basal secretion, mucosal regeneration, osmotic
regulation, and the basal metabolism of the cells (Gallavan et al. 1980;
Takala 1996; Seth 2010). In mammals, 20-30% of the total blood flow is
allocated to the gut. As the oxygen consumption of the gut at rest is also
approximately 20-35% of whole body consumption, it seems that the gut
blood flow is finely tuned based on demand and availability (Granger and
Norris 1980; Wilmore et al. 1980; Brundin and Wahren 1991). In mammals,
the oxygen extraction fraction from the blood in the gut at rest is 22-35%,
which is similar to the overall 22-30% extraction of the systemic blood flow
(Granger and Norris 1980; Wilmore et al. 1980; Brundin and Wahren 1991).

Gut blood flow is regulated by both intrinsic and extrinsic
mechanisms. The extrinsic mechanisms include sympathetic innervation,
circulating vasoactive substances and systemic haemodynamic changes. The
intrinsic mechanisms include locally produced vasoactive substances,
myogenic control, local reflexes and local metabolic control. In mammals,
when the metabolic demand of the gut increases e.g. after a meal, gut blood
flow also increases so that the oxygen extraction ratio can be maintained
(Granger and Norris 1980; Wilmore et al. 1980; Brundin and Wahren 1991).
When possible, this increase in gut blood flow is almost entirely achieved by
redistributing blood to the gut without any change in total cardiac output
(Fronek and Stahlgren 1968; Gallavan et al. 1980). The actual signals
leading to vasodilatation when the metabolic demand increases in the gut is
unknown, but both tissue PO; and the by-products of cell metabolism are
believed to be important. In an extreme situation (i.e. during intensive
exercise), blood supply to the gut can decrease up to 80%. During such
extremes, oxygen extraction in the gut may increase up to 90% (Rowell et
al. 1984). However, this is only a short-term solution as it can severely
injure the gut over a longer time span (ter Steege and Kolkman 2012).



Gut blood flow in fish
An inactive, undisturbed fish in the interdigestive state, distributes

approximately 1/3 of its cardiac output to the gut although variations
among species occurs (Axelsson et al. 1989, 2000; Axelsson and Fritsche
1991; Thorarensen et al. 1993; Crocker et al. 2000; Altimiras et al. 2008;
Dupont-Prinet et al. 2009). After ingesting a meal, gut blood flow in fish
increases between 70 and 160% (Axelsson et al. 1989, 2000, 2002;
Axelsson and Fritsche 1991; Thorarensen and Farrell 2006; Altimiras et al.
2008; Eliason et al. 2008; Seth and Axelsson 2009; Seth et al. 2009). A
postprandial (i.e. after feeding) increase in gut blood flow can be
accomplished through either redistribution of the blood flow from other
systemic vascular beds, or through an increase in cardiac output. Most fish
increase cardiac output and reduce the vascular resistance enough to
sustain a postprandial increase in gut blood flow, with no signs of
redistribution, as is the case in mammals.

Even though redistribution of blood flow seems to be of limited
importance for fish, there are indications that it does occur under certain
conditions. In rainbow trout, when pre-digested food is introduced straight
into the intestine, gut blood flow initially increases exclusively via
redistribution of blood flow, and only thereafter through an increase in
cardiac output (Seth et al. 2009). This pattern can perhaps be explained by
how the postprandial increase in metabolic demand starts in the gut tissues
and then, as nutrients are absorbed and distributed away, disperses
throughout the body. In fish, as much as 70-80% of the postprandial
increase in oxygen consumption is thought to be due to processes that
actually occur outside the gut (Brown and Cameron 1991a, b).

Relationship between gut blood flow and gut motility

In general, the contraction of a muscle affects blood flow in two ways: by
evoking metabolic hyperaemia, and by causing extravascular compression.
The situation in the gut is somewhat more complex, as a contraction in one
area is often associated with a relaxation in another (Chou 1982). Unless
blood flow is measured at the exact area of contraction, the increase in
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blood flow induced by the contraction may be counteracted by a relaxation
in an adjacent area, leaving the overall effect on gut blood flow unaffected
(Chou 1982). In dogs, closely corresponding cyclic variations appear
postprandially in both gut blood flow and gut motility, when these are
recorded in a segment of the gut (Fioramonti and Bueno 1984; Cowles et al.
1999). When the intestine was drained of its content, the cyclic variations in
the blood flow were abolished while the variations in gut motility patterns
remained (Fioramonti and Bueno 1984). This suggests that smooth muscle
activity does not regulate blood flow, but processes induced in the mucosa
and submucosa, such as secretion and absorption (Fioramonti and Bueno
1984; Cowles et al. 1999). It is also the mucosal and submucosal tissues
which consume the most oxygen and to which most of the blood is allocated
(Chou and Grassmick 1978; Gallavan et al. 1980; Walus and Jacobson 1981).

Prior to this thesis, gut blood flow and gut motility had never been
recorded simultaneously in fish. It was therefore unknown if the
relationship described in mammals was also true in fish. Also, mammalian
studies give little information on possible effects of temperature on gut
blood flow and gut motility, but it is likely that this is of major importance
for ectothermic animals.

Environmental temperature and thermoregulation

Most environments vary in temperature diurnally, seasonally, annually, and
over longer terms as seen during the current global warming. This has
significant effects on ectothermic animals living in these environments, as
they have to cope with the effects of fluctuating temperatures on
physiological processes. Biochemical reactions are temperature-sensitive,
as all enzymes have an optimal temperature for their function. At
temperatures above or below this optimum, enzyme function is impaired.
Therefore, fluctuations in temperature constitute a challenge for animals,
and they can only survive within a more or less restricted range of
temperatures, their so-called ‘thermal window’. The width of this ‘thermal
window’ differs substantially among species.

The main aim of the thesis was to study the effects of temperature
changes on the -cardiovascular and gastrointestinal system. When
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considering changes in temperature it is important to distinguish between
short- or long-term changes. Acute effects of temperature are by far the
most studied, but if the animal is given sufficient amount of time, the acute
effects can vanish through acclimation processes. Temperature acclimation
allows animals to maintain nearly the same activity in a new thermal
environment. The acclimation processes are believed to involve complex
biochemical and cellular adjustments, but largely this remains to be
elucidated (Chown et al. 2010; Dawson et al. 2011). Effects of temperature
were studied in all four papers included in this thesis, but in somewhat
different contexts.

What is thermoregulation?
In order to optimise physiological processes and avoid harmful body

temperatures, many organisms try to keep their body temperature within
certain thermal boundaries. This is a process called thermoregulation and is
an important aspect of how an animal accomplishes to maintain internal
homeostasis when living in a fluctuating environment.

The overwhelming majority of animals are not capable of producing
enough heat to maintain a constant body temperature, thus their body
temperature changes with the ambient temperature. These animals are
termed ectotherms and their means of temperature control are mostly
indirect through behaviour, such as migrating to areas of a suitable
temperature. However, thermoregulation in ectotherms is found to be quite
complex. Besides avoiding harmful temperatures, many animals are able to
keep their body temperature more stable than the environment (Nelson et
al. 1984). During larger, gradual changes (i.e. seasonal changes) many
ectotherms voluntarily expose themselves briefly to extreme temperatures,
enabling them to acclimate quicker to the increase in temperature
(Hutchison and Maness 1979). For many species of fish, these physiological
adjustments are a continuous process, as they encounter relatively large
temperature fluctuations over short and long time spans. These
temperature changes necessitate both appropriate physiological and
behavioural adjustments.

Behavioural thermoregulation is always associated with costs, such as
energetic costs of movement and increased predation risks. Only when the
benefits of the behaviour outweigh the costs are these behaviour changes
expected to occur (Huey and Slatkin 1976). Thermoregulatory behaviours
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are most pronounced in terrestrial species and have mostly been studied in
reptiles. For reptiles, a common behaviour is basking in the sun or avoiding
it, in order to achieve or maintain an optimal body temperature (Angilletta
et al. 2010). The behaviour may vary with the physiological status of the
animal. A common reptilian behaviour is to move into a warmer area
postprandially. This has been shown to increase the gut passage rate,
increasing absorptive efficiency, and decreasing the duration of the
postprandial metabolic response (Hailey and Davies 1987; Dorcas et al.
1997; Secor and Faulkner 2002).

In addition to thermoregulatory behaviours, some reptiles have
developed physiological adjustments that facilitate thermoregulation.
Changes in heart rate and peripheral circulation of two lizards, the Eastern
bearded dragon, Pogona barbata, and the Lace monitor, Varanus varius, as
well as the salt-water crocodile, Crocodylus porosus, can increase or
decrease their heat transfer to the environment (Seebacher 2000;
Seebacher and Franklin 2007). These adjustments increase the rate at
which the body is heated when moving into the sun, and conserve heat
when moving out of the sun. In addition to maintaining a beneficial body
temperature, it also minimizes time spent in the open and thus exposure to
predators (Seebacher 2000).

Thermoregulation in fish
Most fish are in thermal equilibrium with the surrounding water due to

efficient counter-current heat exchange between the water and blood at the
gills (Stevens and Sutterlin 1976). Temperature is sensed in fish both in the
brain and peripherally in the skin, and thermoregulatory behaviours are
influenced by both (Crawshaw et al. 1985). If the environmental
temperature is unfavourable, fish cope by either seeking out areas with
more optimal temperatures, or by making the appropriate physiological
adjustments to optimize physiological functions at the new temperature
(acclimation).

A fish, however, cannot acclimate to any temperature, but is restricted
by a ‘thermal window’. The width of the ‘thermal window’ is influenced by
factors such as life stage and food availability, but is also highly species-
specific with some species tolerating a wide range of temperatures while
others being much more temperature sensitive (Brett 1956, 1971). Figure
4 shows the thermal window and requirements of brown trout, which is
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Figure 4. The thermal window and requirements of brown trout Salmo trutta. The
dashed lines and the arrow shows how both growth rate and optimal growth
temperature decrease with decreasing energy intake. Modified from Elliott 1994.

one of the most studied species in this context, and is based on the
pioneering work of John M. Elliott (Elliott 1975b, d, c, a, 19764, c, b). It is
important to keep in mind that at any given point in time, only a small
section of the thermal window is available, and depending on which
temperatures are available, the fish may behave differently.

The behaviour of many reptiles to seek warmer temperatures after
ingesting a meal has also been observed in fish. The Bear Lake sculpin,
Cottus extensus, by postprandially moving from colder (5°C) to warmer
water (15°C), can triple their growth rate (Wurtsbaugh and Neverman
1988; Neverman and Wurtsbaugh 1994).

Evidence that warmer temperatures may be beneficial for gut
function is also found in studies on warm-bodied fishes. Two groups of
fishes, the tuna and the lamnid sharks, have evolved counter-current heat
exchange mechanisms for conserving metabolic heat and raising their body
temperatures above the ambient temperature (Carey et al. 1971). In both
the bluefin tuna, Thunnus thynnus, and the white shark, Carcharodon
carcharias, the gut is thermally isolated by a circulatory heat exchange
system, allowing it to maintain gut temperatures as much as 10-15°C above
ambient temperature (Carey et al. 1984; Stevens and McLeese 1984;
Goldman 1997). In the bluefin tuna, the elevated gut temperatures allow the
fish to digest a meal up to three times quicker than normal, enabling them
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to consume and process about three times as much food per day (Stevens
and McLeese 1984). The bluefin tuna are also able to slowly increase the
temperature of the stomach after a meal, and slowly decrease it when unfed
(Stevens and McLeese 1984). Such postprandial thermoregulation in most
other fishes is only possible through behavioural means.

Individual species have evolved the capacity to function within a
more-or-less narrow species-specific ‘thermal window’. Consequently, there
is great concern over the ability of fish to acclimate and adapt to current
increases in ocean temperatures (Haugan and Drange 1996; Levitus et al.
2000; Caldeira and Wickett 2003; Turley et al. 2010). In order for any
animal to survive, the functions of the gut must work efficiently, yet still
nothing is known about the effects of changing temperature on important
functions such as gut blood flow and gut motility. Average ocean
temperature is slowly increasing, and temperature fluctuations and heat
spells will increase in magnitude and frequency as a consequence of
changes in climate (Folland and Karl 2001). Thus one of the aims of this
thesis was to study the effects of both long-term and acute changes in
temperature on important gastrointestinal functions such as gut blood flow
and gut motility.
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AIMS

The overall aim of this thesis was to increase the knowledge of how gut
functions in fish are affected by ambient temperature, and thereby to better
understand how current changes in climate may affect fish populations. In
order to accomplish this I first needed to understand how gut blood flow
and gut motility are affected by acute and long-term changes in
temperature.

As gut motility had not been recorded in vivo in adult fish, a method to
record gut motility needed to be developed. With the use of such a
technique, I aimed to determine the relationship between gut blood flow
and gut motility in fish.

Using the newly developed method to record gut motility in
combination with traditional gut blood flow recordings, I aimed to
determine the effects of temperature acclimation on gut blood flow and gut
motility in rainbow trout, in both the postprandial and the interdigestive
state (paper I).

The acute thermal sensitivity of a thermal generalist was compared to
a more strictly Arctic species, during an unusually warm month on the west
coast of Greenland. By using the same methodology as in paper I, I aimed to
determine how acute shifts in temperature affect gut blood flow and gut
motility in shorthorn sculpin and Arctic sculpin (paper II).

To better understand how fish respond to environmental challenges,
when they are not restrained by the recording techniques, I aimed to
evaluate the possibility of using biotelemetry in fish, with particular focus
on the use of a fully implantable multi-channel biotelemetry system for
measurement of blood flow and temperature, in green sturgeon (paper III).
Using this system, I aimed to determine how gut blood flow is modified
voluntarily by fish using behavioural thermoregulation, in the postprandial
and interdigestive states in free-swimming white sturgeon (paper IV).

When the thermal dependence of gut motility and gut blood flow was
better understood, I aimed to evaluate how these functions are associated
with thermoregulatory behaviours seen in the wild, and, the possibility that
these physiological factors set the limits for the thermal window of fish.
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METHODOLOGICAL CONSIDERATIONS

Basic terminology

In the literature, there are often inconsistencies in the nomenclature and
therefore, a few words and concepts need to be clarified to better
understand the ensuing discussion.

In this thesis, the terms gut and gastrointestinal systems generally
encompass the gastrointestinal tract and the accessory organs. However,
the definition of gut differs somewhat when discussing “gut motility” and
“gut blood flow”. In gut motility, the word refers to the tract between mouth
and anus, whereas in gut blood flow, the word also includes accessory
organs, supplied with blood via the celiacomesenteric artery. In the thesis,
two different terms are used for the blood via the celiacomesenteric artery,
“gut blood flow” is used in papers I, II & IV while “gastrointestinal blood
flow” is used in paper IIl. Another term frequently used in the literature is
“splanchnic blood flow” which is the blood flow to the gut, with the
accessory organs included (Takala 1996).

The status of an animal before any kind of treatment can be described
with several synonyms. In the thesis, a resting, undisturbed, and unfed fish
will be referred to as being in an interdigestive state. In the papers included
in this thesis, however, the synonyms used to describe this state include
basal (papers I & II) resting (paper I), control (papers I & II), baseline
(paper III), and routine (paper IV). In the literature, sometimes also the
term “standard” is used to describe this state.

Experimental animals

Five different species of fish were studied in this thesis: rainbow trout in
paper I, shorthorn sculpin and Arctic sculpin in paper II, green sturgeon in
paper III and white sturgeon in paper IV. These five species all belong to
the group of ray-finned fishes, but there are still significant differences in
physiology and behaviour, which I have tried to, considered when
discussing the results.
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Rainbow trout are easy to keep and were acquired from local
hatcheries. They belong to a domesticated, freshwater living strain.
Rainbow trout are carnivorous, their natural diet are a mixture of insects,
crustaceans and other invertebrates as well as fish, with choice of prey
changing with size and season. In the hatchery, these fish are fed
formulated, pelleted diets. The gut morphology reflects their carnivorous
diet of relatively small preys, and includes a medium-sized muscular
stomach, an abundance of pyloric caeca and a short intestine (see Figure 1)
(Buddington et al. 1997). Rainbow trout is also one of the most studied
species of fish. As one of the primary goals of paper I was method
development, it was beneficial to use a species where cardiovascular
variables had been described earlier, making comparisons with previous
literature possible.

Shorthorn sculpin and Arctic sculpin are two closely related marine
species in the family Cottidae. Both are benthic ambush predators,
inhabiting shallow waters. Instead of feeding on numerous small prey items
as the rainbow trout, the sculpins devour relatively large prey items in a
single bite (sometimes as much as 50% of their own weight). Again, their
feeding habits are reflected in the morphology of the gut with a large
muscular stomach, an abundance of pyloric caeca and a short intestine (see
Figure 1) (Buddington et al. 1997). One part of paper II aimed at
investigating if there were differences in acute thermal sensitivity between
a thermal generalist and a more strictly Arctic species. These two species
differ in their geographical distribution, but could both be caught on the
west coast of Greenland.

Green and white sturgeon are two closely related species of the
Acipenseridae family. Both are anadromous and spend part of their lives in
the sea. They are bottom-feeders, scouring the bottom for living or dead fish
or invertebrates. Although their feeding habit, with slow nibbling for
smaller prey, resembles that of the rainbow trout, their gut morphology
differs substantially. Sturgeons have a straight, rather small, muscular
stomach, and a single pyloric caeca. The ceaca consists of several separate
ducts joining into one wide which opens into the intestine. The intestine is
formed as an open canal, but takes the form of a spiral intestine in its
posterior part (see Figure 1). Green and white sturgeon were used in
papers III & IV respectively. They can be acquired in sizes large enough to
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fit the blood flow biotelemetry system and also have a large easily
accessible celiacomesenteric artery that facilitates gut blood flow
measurements.

Gut motility measurements

When a muscle cell contracts, it will produce an action potential and this
electrical discharge can be detected by measuring electrodes. In vivo studies
of gut motility in mammals are often performed using electrodes implanted
in the gut wall, measuring these electrical activities (Bueno et al. 1975;
Fioramonti and Bueno 1984; Ferre and Ruckebusch 1985; Rodriguez-
Membrilla et al. 1995; Aviv et al. 2008). In papers I & II such a technique
was successfully used for the first time to measure gut motility in fish.

Because of inconsistencies in the definitions in previous mammalian
studies on the electrical activity of the gut, we suggested the term enteric
electrical activity (EEA) as a summarizing term for all electrical activity
derived from any part of the gut.

The correlation between EEA and smooth muscule contractions in the
gut has been described in various mammalian species (Perkins 1971;
Sanmiguel et al. 2007; Aviv et al. 2008). A similar correlation can also be
shown through simultaneous measurements of EEA and force development
in a contracting fish gut. Figure 5 shows one of these recordings were
muscular contractions are measured with strain gauge force transducers
attached to the stomach wall of a shorthorn sculpin.

From analyses of the simultaneous recordings of EEA and muscular
contractions, some new insights into how to interpret the EEA recordings
were obtained. In a more or less rhythmic fashion, one or several events
(spikes) appear in clusters. The more events included in a cluster, the
longer the contraction seem to last. The amplitude of the EEA recordings
correlates poorly with the amplitude of the contraction and also varies
substantially between individuals.

The most pronounced postprandial effects in rainbow trout were that
both the frequency of the recorded electrical events and number of events
included in a cluster increased (paper I). A postprandial increase in
electrical events is similar to the results previously reported for various
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Figure 5. (A) Enteric electrical activity (EEA) signal trace, filtered with 0.5 Hz Low-
pass digital filter. For EEA recordings, a pair of electrodes was inserted into the
stomach wall of shorthorn sculpin. (B) Raw signal trace of force development
when the stomach contracts, recorded by a strain gauge moulded in silicone and
firmly sewn to the stomach wall.

endotherms (Ruckenbusch and Bueno 1976; Fioramonti and Bueno 1984;
Rodriguez-Membrilla et al. 1995; Yin et al. 2004).

The interdigestive state of rainbow trout was characterized by rhythmic
clusters of events. The rhythmical recordings appeared with around one
contraction every four to five minutes (paper I). Postprandially, the
duration of these events increased until they sometimes were inseparable.
These rhythmic clusters, although appearing with a lower frequency, are
probably analogues to the oral-to-anal propagating contractions described
in zebrafish larvae and the rhythmic spontaneous contractions described in
isolated segments of intestine in vitro, in Atlantic cod (Karila and Holmgren
1995; Holmberg et al. 2003). The recorded traces in paper I strongly
resemble that of the propagating contractions recorded in pig
(Ruckenbusch and Bueno 1976).

Today, we know little of how factors such as temperature, thickness of
the tissue and number of cells in contact with the electrodes affect the
signal, and the method can certainly be standardized and refined further to
minimize variation possibly caused by these factors.
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In papers I & II, EEA were only recorded at one site in the gut. Lately,
we have worked to develop the method further, and thus maximising the
data obtained. By using several electrodes, it is possible to separate
standing and propagating contractions, and to determine the speed and
direction of the propagating contractions. Future studies will determine if
the shift between interdigestive and postprandial motility patterns seen in
mammals is also present in fish. Through filtering the EEA signal, we have
also obtained data believed to be the first recordings of slow waves in gut
wall of fish. A method to record slow wave frequency in fish can be of
importance for understanding the mechanisms behind how environmental
factors affect gut motility.

In paper II, the EEA recordings were complemented by in vitro
recordings of isolated smooth muscular strips. This is a useful method when
trying to separate the integrative effects of temperature from the specific
effect on the level of specific organs or tissues.

Blood flow measurements

Two different methods of measuring blood flow have been used in the
thesis work. One uses the transit time flow probes, which give absolute
values of flow (ml min-1). These probes are bulky, limiting the range of use
in fish. The other uses the pulse Doppler flow probes, which are the most
commonly used flow probes in fish research. This technique was also used
in the biotelemetry system included in both papers III & IV. In paper 1V the
telemetry recordings was supplemented with a control group where transit
time measurements were made. In papers I & II blood flow was measured
with traditional pulse Doppler systems.

The first direct measurements of blood flow in intact fish were
conducted by Kjell Johansen (1962). Using an electromagnetic blood flow
meter technique, he recorded blood flow in the ventral aorta of Atlantic cod.
The technique used was rather rough, and during the experiments the cod
were restrained and ventilated artificially (Johansen 1962). In his paper,
Johansen emphasized the drawback of his measurements and stated that
“cardiac function in a physiological preparation is almost inevitably
distorted. Ideally, meaningful data on cardiovascular function in fishes
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should be acquired from freeswimming undisturbed animals”. Four years
later, he teamed up with two innovators of electronic instrumentation,
Robert L. van Citters and Dean L. Franklin, and together they developed the
first blood flow telemetry system to be used in fish. Using a Doppler
ultrasonic telemetry blood flow meter system, they were able to directly
measure the blood flow in the dorsal aorta in three species of
elasmobranchs (Johansen et al. 1966). The experiments were carried out
while the animals swam in a large aquarium, and fine wires led from the
implant to the flow-meter standing alongside the aquarium (Johansen et al.
1966). Just how innovative these men were, may best be highlighted by the
fact that it took 43 years until a new system capable of measuring blood
flow with telemetry was developed. This is the system used in papers III &
V.

Temperature preference

In paper 1V, the temperature preference was examined in white sturgeon
that was allowed to move voluntarily between temperatures in an annular
shaped chamber. When working with thermoregulatory behaviours, some
important things need to be considered. One is to distinguish between
short- and long-term responses. The temperature a fish selects within a
short time after being introduced in a device to measure temperature
preference, is strongly affected by the acclimation temperature (the
temperature the fish has been kept in prior to the experiment). If the fish is
left in the measuring device for a longer period (usually 24h but as much as
6 days may be needed), the fish is suggested to select a temperature that is
species-specific and independent of acclimation temperature (Reynolds and
Casterlin 1979; Golovanov 2006). This is commonly called the final thermal
preferendum (Fry 1947).

In a stable environment, when food is abundant, fish tend to select a
temperature, which provides the optimal conditions for physiological
activity (in this context, physiological activity being equivalent to maximal
growth rate) (Magnuson et al. 1979; Reynolds and Casterlin 1979; Jobling
1981). The concept of a species-specific final thermal preferendum has
support from most authors, but its importance for fish in their natural
habitats has been questioned and over the years a range of different
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internal and external factors, affecting both short and long-time
temperature preference, has been introduced (Mortensen et al. 2007). The
affecting factors seem to be species-specific, and thus generalization and
extrapolations to ecology should be done with great caution.

Statistics

Various statistical approaches and analysis software were used in the
different studies. A more detailed description is found in the respectively
paper, but they are briefly described below.

In paper I, a repeated measures ANOVA, followed by a Dunnet post-
hoc test for comparison between acclimation temperatures was used, and a
two-tailed t-test assuming unequal variances was used for comparisons
within treatments. Analyses were conducted in GraphPad Prism 4.0
(GraphPad Software, San Diego, CA, USA). In paper II, the experiments were
designed such that each fish or muscle strip preparation was exposed to all
temperature treatments. This resulted in repeated measurements and
dependent observations that had to be modeled. Several models for the
dependencies were checked, and the best fit was found to be compound
symmetry. An improvement of the statistical calculations was made using
sandwich option. Analyses were conducted in SAS (Statistical Analysis
Software, SAS Institute Inc. Cary, North Carolina, USA), The data obtained in
paper III did not require statistical analysis. In paper IV, a linear mixed
model was used for comparisons between and within the experimental
groups. As in paper II, compound symmetry was used as a type of
covariance. The factors and the interactions between variables were
compared using a Sidak confidence-interval adjustment. Analyses were
conducted in SPSS 12.0.1 for Windows (SPSS Inc., Chicago, IL, USA).

Finally, for all analyses the significance level was adjusted to
compensate for multiple comparisons, and a significant difference was
assumed when the p-value adjusted for was <0.05.
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RESULTS AND DISCUSSION

The relationship between gut motility and blood flow

In papers I & II, both gut blood flow and gut motility were measured. It is
the first two studies that combine these variables in vivo in fish. Although
the studies were performed on three different species, the results show
some similar trends and contribute to answering the question of how gut
blood flow and gut motility relate to each other in fish. From the results, it is
clear that there is a relationship between changes in gut blood flow and in
gut motility in response to both feeding (paper I) and temperature (paper
II).

Distending a balloon in the stomach of a rainbow trout induces
muscular contractions of the stomach (Grove and Holmgren 1992).
However, a similar distension did not cause an increase in gut blood flow
(Seth and Axelsson 2009). These results suggest that increased muscular
contraction frequency, without any food present in the stomach, is not
enough to increase net blood flow of the celiacomesenteric artery. Hence, an
increased metabolic demand in the mucosa and submucosa is needed to
increase gut blood flow. This indicates that the relationship between gut
blood flow and gut motility seen after feeding (paper I), as well as when the
temperature is acutely changed (paper II), is an indirect relationship and
that the direct factor stimulating an increase in gut blood flow is probably
an increased metabolic demand in the mucosa and submucosa layers.

The relationship between blood flow and motility in the rainbow
trout gut was also clear during periods of burst swimming, when rapid
reductions in gut blood flow as well as in EEA were seen (Figure 6 in paper
I). During the recovery from this event, there was a lag phase, as gut
motility was resumed before the perfusion of the gut was completely
restored. The processes involved in digestion, including gut motility, are
however dependent on a sufficient oxygen supply. To avoid hypoxia in the
gut tissue during this lag phase it is likely that the oxygen extraction of the
blood increases. At least in mammals, a change in oxygen extraction may
precede an increase in perfusion (Takala 1996).
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The reduction of gut motility and gut blood flow is similar to what have
been observed in mammals as a response to exercise (Udassin et al. 1995;
Takahashi et al. 2001; ter Steege and Kolkman 2012). Similar burst
swimming events did also affect gut blood flow in both of both green and
white sturgeon (papers III & IV), and have been reported for various
species including both rainbow trout and white sturgeon (Randall 1982;
Crocker et al. 2000). As shown in Figure 4 in paper IV, the cardiovascular
system of the white sturgeon responds to burst swimming with an increase
in cardiac output in combination with the extra blood allocated from the
gastrointestinal system. A potential benefit of this response would be to
increase the volume of blood distributed to the swimming muscles used in a
fight-or-flight response. When it is safe, digestion would recommence by
first resuming gut motility patterns and then reperfusion the gut, as seen in
paper L.

Effects of temperature acclimation

In paper I, the effects on postprandial changes in gut motility and gut blood
flow were studied in rainbow trout acclimated to either 10 or 16°C. Both
groups were kept at their holding temperature for a minimum of four
weeks, which is as long or longer than the time used to temperature
acclimate rainbow trout in many previous studies (McCaule et al. 1977;
McLeese and Don Stevens 1982; Fauconneau et al. 1983; Haverinen and
Vornanen 2004).

The interdigestive activity in the group acclimated to 16°C was
significantly higher compared with the group acclimated to 10°C (paper I).
Interdigestive gut motility has proven to be important in order to prevent
bacterial overgrowth in the gut of mammals (Stotzer et al. 1996; Grzesiuk et
al. 2001; Kruszewska et al. 2005). As an increased intestinal temperature in
the puffer fish Fugu niphobles, initiates a massive increase in bacterial
growth, it might be suggested that increased interdigestive gut motility is
essential for successfully “housekeeping” the gut at higher temperatures
(Sugita et al. 1989).

No previous studies have directly focused on the effects of
temperature acclimation on gut motility in fish or in other ectotherms. If
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using gut passage time or gastric evacuation rate as rough estimates of gut
motility, there are lots of data on the effects of different acclimation
temperatures. In various species of fish, including rainbow trout, it has been
shown that the food passes through the gut faster when the animals are
acclimated to a higher temperature (Windell et al. 1976; Persson 1979;
Dossantos and Jobling 1991; Elliott 1991). In rainbow trout, the gastric
evacuation rate increased with increased temperature, and it took three to
four times as long to empty the stomach at 5°C as it did at 20°C (Windell et
al. 1976). In a similar study, it was shown that passage time was shorter in
rainbow trout acclimated to 18°C compared to those acclimated to 9-10°C
(Fauconneau et al. 1983).

The postprandial EEA response was similar in the two temperature
acclimation groups while there was a difference in the interdigestive stage
(paper I). This is somewhat contradictory to the above-mentioned results
indicating that increased acclimation temperature leads to faster gut
passage rate. The answer might lie in the increased event amplitude seen,
both before and after feeding, in fish acclimated to 16°C compared to fish
acclimated to 10°C. However, as mentioned in the methodological
considerations, there is no direct correlation between contraction
amplitude and EEA amplitude, and hence no conclusions can be drawn from
the amplitude of the EEA signal.

Cardiac output, stroke volume and gut blood flow increased
postprandially and the responses were similar in both acclimation groups
(paper I). Consequently, a lower acclimation temperature did not increase
the duration of the postprandial blood flow response, which has otherwise
been suggested as a general trend when comparing different species at
different acclimation temperatures see Seth (2010). Such interspecific
comparisons are, however, difficult to make and probably say little of the
effects of temperature acclimation.

The postprandial increase in heart rate was significantly higher in the
group acclimated to 16°C compared with the group acclimated to 10°C
(paper I). This could perhaps be explained with that the fish acclimated to
lower temperature had a relatively larger heart and thus could pump more
blood in each hear beat. This phenomenon has previously been described in
various species, including rainbow trout (Goolish 1987; Aho and Vornanen
2001).
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That postprandial response in gut motility and gut blood flow
appeared independent of acclimation temperature in paper I may seem
unexpected from the discussion above. However, if considering that the
purpose of temperature acclimation is to trigger responses which serve to
offset the passive effects of a changed temperature, these are exactly the
results one would expect (Johnston and Dunn 1987). Both 10°C and 16°C
are temperatures that rainbow trout would normally encounter during a
year and the results of paper I indicate that rainbow trout can successfully
acclimate to these temperatures.

In addition to the in vivo study on the temperature-acclimated
rainbow trout, an in vitro study was conducted looking at the force
developed by isolated circular smooth muscle rings in response to different
concentration of the cholinergic agonist carbachol (see Figure 6). There
was no significant difference in force development between rings from fish
acclimated to 10°C and 16°C when incubated at the corresponding
temperature, while the force at 10°C was significantly higher in
preperations from both acclimation temperatures (see Figure 6). These
results indicate that during temperature acclimation there are processes
that offset the passive temperature effects.

In the in vitro part of paper II were there also indications of thermal
compensation processes. Using a similar setup as in the study discussed
above, circular smooth muscle strip preparations from fish acclimated to
9°C were exposed to acute changes in the temperature of the organ bath
(£5°C). The results show that the potency of carbachol was highest at the
acclimation temperature, which suggest that also the drug-receptor
interaction is optimized during acclimation (paper II).

Another thing worth noting when discussing the effects of
temperature on gastric evacuation time is the similarities between species
living in at a range of different temperatures. European sea bass
Dicentrarchus labrax acclimated to 16°C, shorthorn sculpin acclimated to
10°C, and bald notothen Pagothenia borchgrevinki acclimated to -1.86°C, all
empty ~60% of their stomach content into the intestine within 24 h after
ingesting the food (Axelsson et al. 2002; Seth and Axelsson 2009; Sandblom
et al. 2012). This could indicate that a half emptying time of 24 h is
somehow beneficial. This is probably associated with a diurnal foraging
pattern as have been described in several different species of fish
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(Wurtsbaugh and Neverman 1988; Matern et al. 2000; Sims et al. 2006).
That individuals of one species in a similar way make the physiological
adjustments needed to maintain the rate of digestion, is suggested by the
results in paper I and in Figure 6.

Effects of acute temperature changes

In paper II, the same methodology as in paper I was used to study the
effects of acute changes in temperature on gut motility and gut blood flow.
Here, we investigated the effects initiated by acute changes in temperature
(£5°C from acclimation temperature) during the interdigestive stage of
Arctic sculpin and shorthorn sculpin. Also in papers III & IV, the effects of
acute temperature changes were studied, but then only on gut blood flow.

Enteric electrical activity increase with increasing temperature in
both sculpin species (paper II). This is consistent with the results from the
in vitro recordings, where the frequency of spontaneous contractions
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Figure 6. Concentration-dependent increase in mean force in response to carbachol
recorded from isolated smooth muscles rings from the intestine of rainbow trout,
acclimatized to 10°C or 16°C. The incubation temperature is indicated by the white
(10°C) and black (16°C) bars. There was a significantly higher mean force
development in the rings incubated in 10°C at both acclimation temperatures. There
was no significant difference in force development between rings from fish
acclimated to 10°C or 16°C when incubated at the corresponding temperature. A
linear mixed model was used for comparisons between and within the experimental
groups.
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increased with temperature (paper II). No differences in temperature
sensitivity were found between the two sculpin species despite a large
difference in geographical dispersal.

No previous studies have looked at temperature effects on gut
motility in vivo in fish. Studies on gastric motility in spectacle caiman
Caiman crocodilus as well as on gastrointestinal pressure fluctuations in the
yellow monitor Varanus flavescens and the Mexican spiny-tailed iguana
Ctenosaura pectinata have also shown that the motility increases with
increasing temperature (Mackay 1968; Carlos and Diefenbach 1975).
Similar temperature effects have been shown in gut preparations from
brown trout, brown bullhead Ameiurus nebulosus, and rainbow trout in vitro
(Studier et al. 1977) (Burnstock 1958; Burka et al. 1993). Another indirect
indication that contractile activity is increased when the temperature is
increased is the faster passage rate through the gut of rainbow trout when
temperature was acutely increased from 10°C to 18°C is (Fauconneau et al.
1983).

In general, the temperature sensitivity of isolated intestinal smooth
muscle strips in vitro is much larger for mammals than for ectotherms
(Studier et al. 1977). The results, however, also show that the motility of
these ectothermic fish is heavily affected by changes in temperature (paper
II). The increase in the EEA frequency at higher temperatures may depend
on a higher slow wave frequency. Such a temperature effect on slow waves
frequency has been described in mammals (Ohba et al. 1975), and in our
first attempts to measure slow waves in fish, we have observed the same
phenomenon (Grans et al. unpublished data).

Heart rate, gut blood flow and cardiac output all increased with
increasing temperature in both the Arctic sculpin and shorthorn sculpin
(paper II). The increase in cardiac output was achieved exclusively through
an increase in heart rate, as the stroke volume decreased with increasing
temperature. The increase in gut blood flow was met through the increase
in cardiac output rather than through a redistribution of blood (paper II).

In a related study, the basal metabolic rate in these two species was
studied (Grans et al. unpublished data). The interdigestive metabolic rate
showed similar response in the two species with a decrease of ~40% when
the temperature was decreased from 9°C to 4°C and an increase of ~50%
when the temperature was increased from 9°C to 14°. The temperature
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dependence seen in the interdigestive metabolic rate correlates well with
the effects we observed in cardiac output (paper II). The relative change in
gut blood flow initiated by the different temperature exposures also relates
well with changes in both the cardiac output and the metabolic rate (paper
II). If the amount of blood distributed to the gut in fish reflects the
metabolic demand of the gut, then the temperature effects on gut blood flow
seen in paper II indicates that the metabolic rate in an interdigestive gut is
equally affected by temperature, as is the metabolic rate of the whole body.

Also in papers III & IV, acute effects of temperate were studied. In
these studies, gut blood flow was measured using a novel biotelemetry
system in green and white sturgeon, and the results were somewhat
surprising. Instead of a close to linear correlation between gut blood flow
and temperature, as seen in sculpins between 4°C and 14°C, the gut blood
flow in unfed green sturgeon did not increase at temperatures between
19°C and 23°C, but as the temperature reached above ~23°C, a drastic
increase (150%) occurred (paper III).

In the white sturgeon, no effect on gut blood flow was observed when
the fish were moving voluntarily between different temperatures before a
meal (paper IV). After feeding, however, the pattern changed and gut blood
flow correlated with temperature in a similar fashion as shown in the unfed
sculpins (papers II & IV). The voluntary movements created fluctuations in
gut blood flow that far exceeded the flow induced by feeding only (paper
V).

The results from papers III & IV suggest the presence of a control
mechanism, that suppresses gut blood fluctuations when the gut is empty. If
the metabolic rate of the sturgeon gut in the interdigestive stage is less
sensitive to temperature changes compared with the whole body, such a
mechanism could be advantageous. It may also be that as the temperature
change during the interdigestive stage, the sturgeon increase the oxygen
extraction in the blood distributed to the gut, instead of increasing the flow.
Why this would be advantageous only in the interdigestive state, and why
the response differs between species is, however, unclear. It may be that
species from the Cottidae family (the sculpins) respond to temperature in
one way and species from the Acipenseridae family (the sturgeons) in
another.
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Biotelemetry in fish physiology

Another reason why the response in gut blood flow differs between species
might be that while the sculpins were restrained the sturgeons were free-
swimming. This is because, biotelemetry were used in the sturgeon studies
(papers III & 1V) and “hardwired” methods was used in the sculpin study
(paper II). New techniques and experimental protocols are constantly
altering our understanding of physiology. One such example is how it was
previously believed that fish primarily increase their stroke volume instead
of their hear rate to increase cardiac output during exercise (Farrell 1991;
Farrell and Jones 1992). Later it has been shown that these assumptions
were based on studies on heavily instrumented fish, with abnormal high
basal heart rate and thus with only very limited scope for further increase
in heart rate when exercised. It is now clear that changes in heart rate are of
major importance when modifying cardiac output in most fish species
studied (Axelsson et al. 1992; Korsmeyer et al. 1997; Altimiras and Larsen
2000; Cooke et al. 2003). It was also long believed that another primitive
fish group, namely the lungfish, more or less lacked cholinergic tone on the
heart. A recent study on minimally instrumented animals, has, owever,
demonstrated that cholinergic tone in these fish has probably been
underestimated (Sandblom et al. 2010). Responses obtained from studies
using heavily instrumented animals are always potentially biased by stress,
and this is one of the reasons why biotelemetry should be used as much as
possible in future studies.

In paper IV, the white sturgeon instrumented with the telemetry
system had a significantly lower basal heart rate, compared to the “hard
wired” group. It may well be that when using traditional restraining
techniques to measure blood flow, the studied animals will not respond to
treatments as they would if they were not confined. This is especially
important to bear in mind when looking at effects on gut blood flow and gut
motility, as both are shown to be extremely sensitive to interference and
stress. A recent study showed that two days after instrumenting fish with
dummy implants, they had a longer gastric evacuation time compared with
the control group, but that this difference was abolished ten days after
surgery (Behrens et al. 2011). Similar effects of heavy instrumentation have
also been described in sea bass, and indicate that gut motility patterns are
not fully recovered when the studies were conducted (Altimiras et al. 2008).

31



It would be interesting to conduct a similar study as in paper IV, but with a
longer recovery period, to see if the results differ when gut functions are
more normal.

It would also be valuable if EEA recordings could be incorporated in
the biotelemetry system, since getting normal motility patterns in a
stressed and operated animal is difficult. When a biotelemetry system was
used to measure gastrointestinal pressure fluctuations in yellow monitor, it
was noted that gut muscular contractions ceased when a person entered the
room (Mackay 1968). Also in humans, it has been shown that both stress
and anaesthesia inhibits normal gut motility patterns, (Ducerf et al. 1992;
Yin et al. 2004). Also in papers I & I], it was clear that anaesthesia abolished
gut motility. Whether the normal patterns were reinstated, and how the
“hard wired” restraining techniques affected the recordings is unknown and
can only be answered by using biotelemetry in future studies.

Water temperature and gut blood flow

By using the new insights on the strong effects of body temperature on the
gastrointestinal system, it is tempting to speculate on how the gut functions
of fish in the wild could be affected by voluntary and forced shifts in
temperature. In order to estimate the consequences of exposure to a rage of
temperatures, I have combined data from paper Il with other available
cardiovascular data on shorthorn sculpin.

An unfed shorthorn sculpin, acclimated to 9°C, has the capacity to
increase its cardiac output from 38 ml min-! kg-! to 63 ml min-! kg-* during
encouraged exercise (Grans et al. unpublished data). This is the maximal
cardiac output (100%) for these fish, and constitutes the upper limit of how
much they can increase it in case of a predator attack or a situation of inter
or intra-specific competition. The heart of a resting unfed shorthorn sculpin,
at 9°C, is consequently, pumping at 60% of its maximal capacity, and from
this approximately 1/3 of the blood is distributes to the gut. If faced with a
challenge, the sculpin has the capacity to further increase cardiac output
with 40%. When ingesting a meal, 10% of their body weight, the cardiac
output increases to 90% of its maximal capacity while the ratio of ~1/3 of
the blood still distributed to the gut remains (Seth and Axelsson 2009; Seth
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2010). Now the scope available to further increase cardiac output if e.g.
attacked by a shark is as little as 10% (Figure 7).

If we include the effect seen when the temperature was increased to
14°C in paper II, the cardiac output in the resting unfed sculpin increases to
around 85% of its maximal capacity. If adding on the postprandial increase
in cardiac output needed to digest the meal successfully, it becomes obvious
that the maximum cardiac output is violated (Figure 7). If cardiac output is
increased up to its maximal capacity, this would mean that the gut would
receive ~20% less blood than needed. This ischemia could potentially affect
the whole cascade of functions necessary for assimilating the meal.

This is most likely a simplification of what would happen to shorthorn
sculpin if the temperature increased to 14°C in nature. Still, the calculations
indicate that the perfusion of the gut is possibly a limiting factor when the
environmental temperature changes. If this is a problem for fish in nature,
one would expect to find species that feed in warm water and migrate into
colder water in order to successfully digest the meal, without causing

Cardiac output

100 -
%
OJ I 9°C 14°C

Figure 7. Cardiac output (grey bars) in fed (filled stomach) and unfed (empty
stomach) shorthorn sculpin at 9 or 14°C. Black bars indicate the proportion of
cardiac output distributed to the gut and dotted line indicated maximum possible
cardiac output. Postprandially at 9°C, the scope available to further increase
cardiac output is minimal and when increasing the temperature to 14°C the fish
may not be able to increase cardiac output enough to successfully assimilate the
meal. The hatched areas indicate the difference between the predicted increase in
flows and the possible increase in flows.
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gastrointestinal ischemia. The behaviour, of fish venturing into warmer
waters to feed and then selecting cooler temperatures when satiated, has
been described for several species including, lesser spotted dogfish,
smallmouth bass Micropterus dolomieu, Atlantic stingray Dasyatis Sabina,
bluegill Lepomis macrochirus, yellow perch Perca flavescens, and bat rays
Mpyliobatis californica (Neill and Magnuson 1974; Matern et al. 2000; Sims et
al. 2006; Wallman and Bennett 2006). The fact that several species lose
their appetite, despite increased metabolic demands, when they are forced
to stay in warm temperatures, further support that high temperatures may
limit factors involved in the gut functions (Brett 1971; Elliott 1975b, d, c;
Morgan et al. 2001; Handeland et al. 2008).

Ecophysiological relevance

In the previous section, it was suggested that, from a cardiovascular
perspective, it would be beneficial for a fish seek out colder water after
feeding. However, this is clearly not the case for e.g. the Bear Lake sculpin,
or the tunas. To facilitate digestion, these species increase their gut
temperature postprandially, by either behavioral or physiological means,
(Stevens and McLeese 1984; Neverman and Wurtsbaugh 1994). What is the
physiological reason why these differences occur?

As described in the introduction, the thermal window spans an
interval of temperatures. This interval can be subdivided into smaller
segments. Depending on in what temperature segment the food can be
found, it could be potentially beneficial for an animal either to feed at colder
temperatures and digest at warmer temperatures, or feed at warmer
temperatures and digest at colder temperatures (see Figure 4). This
suggestion is supported by the Bear Lake Sculpin that fed in relatively cold
water (5°C) and moved into warmer water while many of the “hunt warm
and rest cool” behaviours are reported from relatively warm waters,
including fish feeding in shallow bays or in the heated effluent from a power
plant (Neill and Magnuson 1974; Wurtsbaugh and Neverman 1988;
Neverman and Wurtsbaugh 1994; Sims et al. 2006). It may also be that
neither higher nor lower temperatures are better than the present
temperature and this might be the reason why the white sturgeon in paper
IV did not change its temperature preference after feeding.
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The next question is which physiological factors set the limits for the
thermal window of a fish? A leading hypothesis suggests that the
temperature limitations in ectotherms are mainly set by a reduction in
metabolic scope, i.e. the difference between standard and maximal oxygen
consumption rates (Portner and Farrell 2008; Farrell et al. 2009). The
hypothesis states that metabolic scope is closely related with other fitness-
related performances, such as growth, locomotion and ultimately
reproductive success. Consequently, it can be used as a unifying
physiological principle to explain reduced fitness and abundance of
ectotherms living outside their thermal window (Fry 1947; Brett 1971;
Portner and Knust 2007; Portner and Farrell 2008; Farrell et al. 2009;
Melzner et al. 2009). Lately, metabolic scope has proven useful to explain
limitations in swimming performance and survival in anadromous
salmonids that experience acute temperature changes when migrating to
their spawning grounds (Farrell 2009; Eliason et al. 2011).

Experimental data supporting this hypothesis, derived from animals
given sufficient time to acclimate to the new temperature, are still sparse.
However there are indications that the concept of metabolic scope as a
unifying physiological principle has been somewhat oversimplified.
Frederick E. ]. Fry, one of the pioneers of environmental biology of fishes,
was the first to describe the concept of metabolic scope. Already in 1947 he
presented data on brown bullhead, which is capable of increasing its
metabolic scope to the upper lethal temperature (35-40°C) even if their
optimum temperature for growth is, much lower, around 26°C (Fry 1947;
Keast 1985). A similar situation is evident in European sea bass, were
metabolic scope and swimming performance increased up to 30°C, even
though growth is reduced already at 23°C (Lefebvre et al. 2001; Claireaux et
al. 2006).

It is clear that growth in the brown bullhead and the European sea
bass is not limited by metabolic scope. Can it instead be local oxygen
constraints, within the gut, that limits growth at high temperatures? The
calculations presented in the previous section indicate that when the
temperature increases, the only way to sustain a cardiac output
postprandially is through limiting the amount of blood distributed to the
gut. This can lead to local hypoxia in the gut which causes a disturbance in
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gut functions, and may be the reason why appetite is lost and growth is
compromised, when the temperature is high.

As the temperatures of the oceans are increasing as a part of the
climate change, there are great concerns regarding the marine ecosystems.
Biological effects such as reduced growth rate and shifts in distribution and
abundance has already been reported for various marine fishes (Southward
et al. 1995; Perry et al. 2005; Portner and Knust 2007). Lately, the scientific
discussion, regarding the physiological effects of climate change on fish,
have been focused on the hypothesis suggesting that the temperature
limitations are mainly set by a reduction in metabolic scope (Claireaux and
Lefrancois 2007; Pértner and Knust 2007; Portner et al. 2007; Wang and
Overgaard 2007; Portner and Farrell 2008; Farrell 2009; Farrell et al.
2009). As experimental evidence supporting this hypothesis is still sparse,
and it is known how much variation there is among species, I suggest that
more data is gathered. Data, which may either, support the leading
hypothesis, or constitute the basis for alternative hypothesis. My guess is
that the problems associated with high temperatures, start in the gut.
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SUMMARY & CONCLUSIONS

In order for a fish to grow and thrive, the gut must function efficiently. This
is achieved through a range of processes including controlled patterns of
gut motility and modifications in gut blood flow. The overall aim of this
thesis work was to increase the knowledge of how gastrointestinal
functions in fish are affected by ambient temperature, and thereby to better
understand how current changes in climate may affect fish populations. In
order to accomplish this, several objectives concerning relationships,
methodological development, physiological function, and behavioural
influences, needed to be achieved.

The method developed to measure gut motility in vivo in adult fish,
records the electrical discharges produced by contracting muscle cells.
These recordings, termed enteric electrical activity, correlate well with the
muscular contractions of the gut wall (figure 5).

When combining the EEA measurements with simultaneous
measurements of gut blood flow, it is clear that these two variables
correlates well and both are significantly affected by feeding (in rainbow
trout, paper I) and acute shifts in temperature (in shorthorn sculpin and
Arctic sculpin, paper II).

The interdigestive motility of rainbow trout was higher after
acclimation to a higher temperature. This indicates an increased demand
for gut movements involved in the “housekeeping” of the gut, preventing
accumulation of unwanted debris and bacteria. Temperature acclimation
did not affect the postprandial response in vivo in neither gut blood flow nor
gut motility. These results indicate that thermal compensation processes
work to neutralize acute thermal effects and to maintain the rate of gut
blood flow and gut motility. A similar pattern was seen in vitro when the
acute temperature effects on the response to the cholinergic agonist
carbachol were abolished after a temperature acclimation period (figure 6).
A similar sign of thermal compensation processes was seen in vitro in
paper II, as the potency of carbachol was highest at the acclimation
temperature, suggesting that the drug-receptor interaction is optimized
during acclimation.
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The other main finding in paper II was that the enteric electrical
activity and gut blood flow both increased with increasing temperature, in
both Arctic sculpin and shorthorn sculpin. No differences in temperature
sensitivity were found between the two sculpin species despite a large
difference in geographical dispersal

Also in papers III & IV, was the effects of acute temperature changes
studied, but only on gut blood flow. The stugeons responded somewhat
differently to an acute change in temperature compared with the sculpins in
paper II. While a close to linear correlation between temperature and both
gut blood flow and gut motility was seen in the two sculpins (shorthorn and
Arctic sculpin), the gut blood flow, in both green and white sturgeon, was
unaffected by moderate fluctuations in water temperature during the
interdigestive state. White sturgeon was tested also after feeding and then
the pattern had changed so that gut blood flow correlated with temperature
in a similar fashion as shown in the unfed sculpins.

If the differences in the acute effects of temperature on gut blood flow
observed in these studies are due to species-specific differences or due to
the use of flood flow telemetry can be discussed. In paper IV, the white
sturgeon instrumented with the telemetry system had a significantly lower
basal heart rate compare with a control group of “hard wired” fish. It may
very well be that when using restraining techniques to measure blood flow,
the studied animals will not respond to treatments as they would if they not
were confined.

Thermoregulatory behaviours observed in white sturgeon show that
moving between different temperatures after a meal will have great
influence on the amount of blood distributed to the gut. An increase in gut
blood flow is probably essential for the beneficial digestive effects seen in
some species that migrate into warmer waters after feeding. However, if
combining the presented data with data from previous studies, it seems that
gut blood flow may also be a limiting factor at high water temperatures.
This is probably a key reason why, in other situations, it can be beneficial to
forage in warm waters and then moving into colder areas for digestion. The
reason why white sturgeon did not change temperature preference
postprandially is unclear, but the effect of surgery on the behaviour is a
potential limitation when trying to combine behavioural observations such

38



as thermoregulation with physiological measurements. How surgical
procedures affect fish behaviour needs to evaluated further.

Papers I-IV shows that the effect of temperature on the activity of the
gastrointestinal system was high in both the interdigestive and the
postprandial state. The results suggest that dysfunctions in gut blood flow
and motility may have been overlooked when discussing physiological
constraints related to temperature, as it seems as sustaining adequate
functionality in the gastrointestinal system may be a large challenge to fish
living in a fluctuating environment.

A leading hypothesis suggests that the temperature limitations are
mainly set by a reduction in metabolic scope. Experimental data however
show that both appetite and growth can be affected before metabolic scope
is reduced. The findings of this thesis indicate that oxygen-limited thermal
tolerance, in these fish may instead be local within the gut.

39



ACKNOWLEDGEMENTS

As the author of this thesis can hardly read or write and whose thoughts are about
as organized as his workplace, this thesis would not have been possible without the
help from many people. Therefore, I'd like to acknowledge:

GRIP (Goteborg University Research Platform on Integrative Physiology),
that funded me during my PhD-studies. I like to thank all members of GRIP for their
scientific input over the years, and all the great fun we had on Greenland.

My two supervisors, Catharina Olsson and Michael Axelsson. I have
enjoyed every minute of my time at Zoologen, and [ owe it all to you. When the
world’s most conservative person teamed up with a person who always look for
new solutions, you managed to create a “can do atmosphere” which I have truly
enjoyed working in. I do believe that your way of supervising a PhD-student is the
right way to do it. I never felt restrained by a list of musts, but instead, always
encouraged and supported when coming with new ideas. Thank you both for
everything.

My two mentors Erik Sandblom and Henrik Seth. I'm sad the three of us
will not be working together anymore. I have truly enjoyed watching and learning
from you guys. Erik, you set a standard that all the rest of us try to live up to, and
your level of ambition has always motivated me. Henrik, although I never know
when you will show up, I can always feel safe that you will get the work done, and
always in a perfect way. As collaborators, lunch- and beer-buddies, I will miss
having both of you around.

0ld and current members of CocaGeni, especially: Fredrik Albertsson, my
“vapendragare” for over a year. Since you left, | miss both your expertise and great
personality. Anna Holmberg, you speak of disaster, but you do it with smile on
your face, I like that. Susanne Holmgren, for explaining how things work and
initiating Grip. Christina Hagstrém, since you left, it is a mess in the lab. Joeren
Brijs, it’s all for you to inherit buddy!

Jordi Altimiras, before I met you [ had never considered doing a PhD. You
introduced me to research, you inspired me, and you believed in me. I owe you big
time, and coming back to work with you in Link6éping will be great.

Johan Héjesjo, My coosupervisor, your presence in the background have
helped to maintain an eco-physiological focus of the project.

Bjorn Thrandur Bjoérnsson, My examiner, thank you for critically
examining my thesis and for all the valuable suggestions and comments.

40



Kerstin Wiklander, thank you for helping me better understand the world
of statistics. It must have felt like a mission impossible.

Koullis Pitsillides, thank you for all the work with the telemetry implants
and for all the great evenings with you and your family.

Joe Cech Jr., Bob Kaufman, Halley Nelson and everyone else at the
Department of Wildlife, Fish and Conservation Biology ,University of California.
Thank you for making my trips to Davis both successful and enjoyable.

Michael, Fredrik Jutfelt and Malin Rosengard, My travel companions to
Antarctica. It was great getting to know all of you better and the trip was one of the
best experiences of my life. “We were not supposed to leave.......... We have to go
back!!!”

Larsa Niklasson and Andreas Kullgren, For all the great chats in your room
when [ needed a break, and for a lots of great fun both during and after working
hours.

To everyone else working in and around Zoologen. It is the people that make
it such a great place to work. A special thanks to all the current and old PhD-
students at the department, we have had lots of fun together and now it is up to
Johanna alone represent the Grans-clan.

My parents, brothers and sister and all their wonderful families, for always
supporting me and making me an independent person. I wish we weren’t so spread
out and could see each other more often.

My own little family, Pyret who followed me to Goéteborg when I got my
position here and now will join me back to Linkdping. You are incredible and I love
you, a lot! Holger, you brought life a dimension, and now when you are here, [ need
to try to save the world!

This research was also funded by: Wilhelm och Martina Lundgrens Vetenskapsfond, Helge Ax:son
Johnsons stiftelse, Knut och Alice Wallenbergs stiftelse, The Royal Society of Arts and Sciences in
Goteborg, Alderbertska Stipendiet, Stiftelsen Paul och Marie Berghaus donationsfond, Stiftelsen
Stipendiefonden Viktor Rydbergs minne.

41



REFERENCES

Aho E, Vornanen M (2001) Cold acclimation increases basal heart rate but decreases its
thermal tolerance in rainbow trout (Oncorhynchus mykiss). Journal of Comparative
Physiology B-Biochemical Systemic and Environmental Physiology 171 (2):173-179.

Altimiras J, Claireaux G, Sandblom E, Farrell AP, McKenzie DJ, Axelsson M (2008)
Gastrointestinal Blood Flow and Postprandial Metabolism in Swimming Sea Bass
Dicentrarchus labrax. Physiol Biochem Zool 81 (5):663-672.

Altimiras J, Larsen E (2000) Non-invasive recording of heart rate and ventilation rate in
rainbow trout during rest and swimming. Fish go wireless! J Fish Biol 57 (1):197-209.

Andrews PLR, Young JZ (1993) Gastric Motility Patterns for Digestion and Vomiting
Evoked by Sympathetic Nerve Stimulation and 5-hydroxytryptamine in the Dogfish
Scyliorhinus canicula. Philosophical Transactions of the Royal Society of London
Series B: Biological Sciences 342 (1302):363-380.

Angilletta MJ, Jr., Cooper BS, Schuler MS, Boyles JG (2010) The evolution of thermal
physiology in endotherms. Front Biosci (Elite Ed) 2:861-881.

Aviv R, Policker S, Brody F, Bitton O, Haddad W, Kliger A, Sanmiguel CP, Soffer EE (2008)
Circadian patterns of gastric electrical and mechanical activity in dogs.
Neurogastroenterol Motil 20 (1):63-68.

Axelsson M, Altimiras J, Claireaux G (2002) Post-prandial blood flow to the
gastrointestinal tract is not compromised during hypoxia in the sea bass
Dicentrarchus labrax. ) Exp Biol 205 (Pt 18):2891-2896.

Axelsson M, Davison W, Forster ME, Farrell AP (1992) Cardiovascular-Responses of the
Red-Blooded Antarctic Fishes Pagothenia bernacchii and P. Borchgrevinki. ) Exp Biol
167:179-201.

Axelsson M, Driedzic WR, Farrell AP, Nilsson S (1989) Regulation of Cardiac-Output and
Gut Blood-Flow in the Sea Raven, Hemitripterus-Americanus. Fish Physiol Biochem 6
(5):315-326.

Axelsson M, Fritsche R (1991) Effects of exercise, hypoxia and feeding on the
gastrointestinal blood-flow in the Atlantic cod Gadus morhua. J Exp Biol 158:181-
198.

Axelsson M, Thorarensen H, Nilsson S, Farrell AP (2000) Gastrointestinal blood flow in
the red Irish lord, Hemilepidotus hemilepidotus: long-term effects of feeding and
adrenergic control. ] Comp Physiol B Biochem Syst Environ Physiol 170 (2):145-152.

Behrens JW, Grans A, Andersen NG, Neuenfeldt S, Axelsson M (2011) Recovery of
gastric evacuation rate in Atlantic cod Gadus morhua L surgically implanted with a
dummy telemetry device. Lab Anim:1a.2011.011013.

Brett JR (1956) Some Principles in the Thermal Requirements of Fishes. Q Rev Biol 31
(2):75-87.

42



Brett JR (1971) Energetic Responses of Salmon to Temperature - Study of Some
Thermal Relations in Physiology and Freshwater Ecology of Sockeye Salmon
(Oncorhynchus nerka). Am Zool 11 (1):99-&.

Brown CR, Cameron JN (1991a) The Induction of Specific Dynamic Action in Channel
Catfish by Infusion of Essential Amino-Acids. Physiol Zool 64 (1):276-297.

Brown CR, Cameron JN (1991b) The Relationship between Specific Dynamic Action
(Sda) and Protein-Synthesis Rates in the Channel Catfish. Physiol Zool 64 (1):298-
309.

Brundin T, Wahren J (1991) Influence of a mixed meal on splanchnic and interscapular
energy expenditure in humans. Am J Physiol Endocrinol Metab 260 (2):E232-E237.

Buddington RK, Krogdahl A, Bakke-Mckellep AM (1997) The intestine of carnivorous
fish: strukture and functions and the relations with diet. Acta Physiol Scand 638:67-
80.

Bueno L, Fioramonti J, Ruckebusch Y (1975) Rate of flow of digesta and electrical
activity of the small intestine in dogs and sheep. The Journal of physiology 249
(1):69-85.

Burka JF, Briand HA, Purcell LM, Ireland WP (1993) The Effects of Acute Temperature-
Change on Smooth-Muscle Contractility of Rainbow-Trout (Oncorhynchus mykiss
Walbaum) Intestine. Fish Physiol Biochem 12 (1):53-60.

Burnstock G (1958) Reversible Inactivation of Nervous Activity in a Fish Gut. J Physiol-
London 141 (1):35-45.

Caldeira K, Wickett ME (2003) Oceanography: Anthropogenic carbon and ocean pH.
Nature 425 (6956):365-365.

Carey FG, Teal JM, Kanwisher JW, Lawson KD, Beckett JS (1971) Warm-Bodied Fish. Am
Zool 11 (1):137-143.

Carey FS, Kanwisher JW, Stevens ED (1984) Bluefin Tuna Warm Their Viscera During
Digestion. J Exp Biol 109 (1):1-20.

Carlos O, Diefenbach C (1975) Gastric function in Caiman crocodilus (Crocodylia:
Reptilia)—I. Rate of gastric digestion and gastric motility as a function of
temperature. Comparative Biochemistry and Physiology Part A: Physiology 51
(2):259-265.

Chou CC (1982) Relationship between intestinal blood flow and motility. Annu Rev
Physiol 44 (1):29-42.

Chou CC, Grassmick B (1978) Motility and blood flow distribution within the wall of the
gastrointestinal tract. Am J Physiol 235 (1):H34-39.

Chown SL, Hoffmann AA, Kristensen TN, Angilletta MJ, Stenseth NC, Pertoldi C (2010)
Adapting to climate change: a perspective from evolutionary physiology. Clim Res
43 (1-2):3-15.

Claireaux G, Couturier C, Groison AL (2006) Effect of temperature on maximum
swimming speed and cost of transport in juvenile European sea bass (Dicentrarchus
labrax). J Exp Biol 209 (17):3420-3428.

43



Claireaux G, Lefrancois C (2007) Linking environmental variability and fish performance:
integration through the concept of scope for activity. Philosophical Transactions of
the Royal Society B-Biological Sciences 362 (1487):2031-2041.

Claireaux G, Webber D, Kerr S, Boutilier R (1995) Physiology and behaviour of free-
swimming Atlantic cod (Gadus morhua) facing fluctuating temperature conditions. J
Exp Biol 198 (Pt 1):49-60.

Cooke SJ, Grant EC, Schreer JF, Philipp DP, DeVries AL (2003) Low temperature cardiac
response to exhaustive exercise in fish with different levels of winter quiescence.
Comp Biochem Physiol 134A (1):157-165.

Cowles VE, Ryan RP, Sarna SK (1999) Interaction between blood flow and maotility in
normal and inflamed ileum. Neurogastroenterol Motil 11 (6):409-420.

Crawshaw L, Grahn D, Wollmuth L, Simpson L (1985) Central Nervous Regulation of
Body-Temperature in Vertebrates: Comparative Aspects. Pharmacol Ther 30 (1):19-
30.

Crocker CE, Farrell AP, Gamperi AK, Cech JJ (2000) Cardiorespiratory responses of white
sturgeon to environmental hypercapnia. Am J Physiol Regul Integr Comp Physiol 279
(2):R617-R628.

Dawson TP, Jackson ST, House JI, Prentice IC, Mace GM (2011) Beyond Predictions:
Biodiversity Conservation in a Changing Climate. Science 332 (6025):53-58.

Dorcas ME, Peterson CR, Flint MET (1997) The thermal biology of digestion in rubber
boas (Charina bottae): Physiology, behavior, and environmental constraints. Physiol
Zool 70 (3):292-300.

Dossantos J, Jobling M (1991) Factors Affecting Gastric Evacuation in Cod, Gadus
morhua L, Fed Single-Meals of Natural Prey. J Fish Biol 38 (5):697-713.

Ducerf C, Duchamp C, Pouyet M (1992) Postoperative Electromyographic Profile in
Human Jejunum. Ann Surg 215 (3):237-243.

Dupont-Prinet A, Claireaux G, McKenzie DJ (2009) Effects of feeding and hypoxia on
cardiac performance and gastrointestinal blood flow during critical speed swimming
in the sea bass Dicentrarchus labrax. Comp Biochem Physiol Part A Mol Integr
Physiol 154 (2):233-240.

Eliason EJ, Clark TD, Hague MJ, Hanson LM, Gallagher ZS, Jeffries KM, Gale MK,
Patterson DA, Hinch SG, Farrell AP (2011) Differences in Thermal Tolerance Among
Sockeye Salmon Populations. Science 332 (6025):109-112.

Eliason EJ, Higgs DA, Farrell AP (2008) Postprandial gastrointestinal blood flow, oxygen
consumption and heart rate in rainbow trout (Oncorhynchus mykiss). Comp
Biochem Physiol A Mol Integr Physiol 149 (4):380-388.

Elliott JM (1972) Rates of gastric evacuation in brown trout, Salmo trutta L. Freshw Biol
2 (1):1-18.

Elliott JM (1975a) The Growth Rate of Brown Trout (Sa/mo trutta L.) Fed on Maximum
Rations. J Anim Ecol 44 (3):805-821.

Elliott JM (1975b) The Growth Rate of Brown Trout (Sa/mo trutta L.) Fed on Reduced
Rations. J Anim Ecol 44 (3):823-842.

44



Elliott JM (1975c) Number of meals in a day, maximum weight of food consumed in a
day and maximum rate of feeding for brown trout, Salmo trutta L. Freshw Biol 5
(3):287-303.

Elliott JM (1975d) Weight of food and time required to satiate brown trout, Salmo
trutta L. Freshw Biol 5 (1):51-64.

Elliott JM (1976a) Body Composition of Brown Trout (Sa/mo trutta L.) in Relation to
Temperature and Ration Size. ) Anim Ecol 45 (1):273-289.

Elliott JM (1976b) The Energetics of Feeding, Metabolism and Growth of Brown Trout
(Salmo trutta L.) in Relation to Body Weight, Water Temperature and Ration Size. J
Anim Ecol 45 (3):923-948.

Elliott JM (1976c) Energy Losses in the Waste Products of Brown Trout (Salmo trutta L.).
J Anim Ecol 45 (2):561-580.

Elliott JM (1991) Rates of gastric evacuation in piscivorous brown trout, Salmo trutta.
Freshw Biol 25 (2):297-305.

Farrell AP (1991) From hagfish to tuna: a perspective on cardiac function in fish. Physiol.
Zool., vol 64.

Farrell AP (2009) Environment, antecedents and climate change: lessons from the study
of temperature physiology and river migration of salmonids. J Exp Biol 212
(23):3771-3780.

Farrell AP, Eliason EJ, Sandblom E, Clark TD (2009) Fish cardiorespiratory physiology in
an era of climate change. Can J Zool 87 (10):835-851.

Farrell AP, Jones DR (1992) The heart. In: Hoar WS, Randal DJ, Farrell AP (eds) Fish
Physiology, The cardiovascular system., vol XIl. Academic Press Inc., pp 1-88.

Farrell AP, Thorarensen H, Axelsson M, Crocker CE, Gamperl AK, Cech JJ (2001) Gut
blood flow in fish during exercise and severe hypercapnia. Comp Biochem Physiol A
Mol Integr Physiol 128 (3):551-563.

Fauconneau B, Choubert G, Blanc D, Breque J, Luquet P (1983) Influence of
environmental temperature on flow rate of foodstuffs through the gastrointestinal
tract of rainbow trout. Aquaculture 34 (1-2):27-39.

Ferre JP, Ruckebusch Y (1985) Myoelectrical activity and propulsion in the large
intestine of fed and fasted rats. The Journal of physiology 362 (1):93-106.

Fioramonti J, Bueno L (1984) Relation between intestinal motility and mesenteric blood
flow in the conscious dog. Am J Physiol Gastrointest Liver Physiol 246 (2):G108-113.

Folland CK, Karl TR (2001) Observed Climate Variability and Change. IPCC Third
Assessment Report, Climate Change 2001, Working Group I: The scientific basis, Ch.
2.99-181 Cambridge Univ. Press, New York.

Fronek K, Stahlgren LH (1968) Systemic and Regional Hemodynamic Changes during
Food Intake and Digestion in Nonanesthetized Dogs. Circ Res 23 (6):687-692.

Fry FEJ (1947) Effects on the environment on animal activity. In, vol 55. University of
Toronto studies. Biological series, no. 55. Univ. of Toronto Press, pp 1-62.

45



Gabella G, Blundell D (1981) Gap junctions of the muscles of the small and large
intestine. Cell Tissue Res 219 (3):469-488.

Gallavan RH, Jr., Chou CC, Kvietys PR, Sit SP (1980) Regional blood flow during digestion
in the conscious dog. Am J Physiol Heart Circ Physiol 238 (2):H220-225.

Garcia-Lopez P, Garcia-Marin V, Martinez-Murillo R, Freire M (2009) Updating old ideas
and recent advances regarding the Interstitial Cells of Cajal. Brain Res Rev 61
(2):154-169.

Goldman KJ (1997) Regulation of body temperature in the white shark, Carcharodon

carcharias. Journal of Comparative Physiology B: Biochemical, Systemic, and
Environmental Physiology 167 (6):423-429.

Golovanov VK (2006) The ecological and evoultionary aspects of thermoregulation
behaviour on fish. J Ichthyol 46 (2):180-187.

Goolish EM (1987) Cold-Acclimation Increases the Ventricle Size of Carp, Cyprinus
carpio. ) Therm Biol 12 (3):203-205.

Granger HJ, Norris CP (1980) Intrinsic Regulation of Intestinal Oxygenation in the
Anesthetized Dog. Am J Physiol 238 (6):H836-H843.

Grove DJ, Holmgren S (1992) Intrinsic mechanisms controlling cardiac stomach volume
of the rainbow trout (Oncorhynchus mykiss) following gastric distension. J Exp Biol
163:33-48.

Grzesiuk E, Laubitz D, Wojcik-Sikora A, Zabielski R, Pierzynowski SG (2001) Influence of
intestinal myoelectrical activity on the growth of Escherichia coli.
Bioelectromagnetics 22 (6):449-455.

Grans A, Olsson C (2011) Gut Motility. In: Farrell A.P., (ed.), Encyclopedia of Fish
Physiology: From Genome to Environment. Academic Press, San Diego.

Hailey A, Davies PMC (1987) Digestion, Specific Dynamic Action, and Ecological
Energetics of Natrix maura. Herpetol J 1 (5):159-166.

Handeland SO, Imsland AK, Stefansson SO (2008) The effect of temperature and fish
size on growth, feed intake, food conversion efficiency and stomach evacuation rate
of Atlantic salmon post-smolts. Aquaculture 283 (1-4):36-42.

Harwood RH (1979) The effect of temperature on the digestive efficiency of three
species of lizards, cnemidophorus tigris, rrhonotus multicarinatus and Sceloporus
occidentalis. Comparative Biochemistry and Physiology Part A: Physiology 63
(3):417-433.

Haugan PM, Drange H (1996) Effects of CO, on the ocean environment. Energy
Conversion and Management 37 (6-8):1019-1022.

Haverinen J, Vornanen M (2004) Temperature acclimation modifies Na+ current in fish
cardiac myocytes. J Exp Biol 207 (16):2823-2833.

Holmberg A, Olsson C, Hennig GW (2007) TTX-sensitive and TTX-insensitive control of
spontaneous gut motility in the developing zebrafish (Danio rerio) larvae. J Exp Biol
210 (Pt 6):1084-1091.

46



Holmberg A, Schwerte T, Fritsche R, Pelster B, Holmgren S (2003) Ontogeny of intestinal
motility in correlation to neuronal development in zebrafish embryos and larvae. J
Fish Biol 63:318-331.

Holmgren S, Olsson C (2011) Nervous System of the Gut. : In Farrell A.P., (ed.),
Encyclopedia of Fish Physiology: From Genome to Environment. Academic Press, San
Diego.

Horowitz B, Ward SM, Sanders KM (1999) Cellular and molecular basis for electrical
rhythmicity in gastrointestinal muscles. Annu Rev Physiol 61:19-43.

Huey RB, Slatkin M (1976) Cost and Benefits of Lizard Thermoregulation. Q Rev Biol 51
(3):363-384.

Husebye E, Engedal K (1992) The patterns of motility are maintained in the human
small-intestine throughout the process of aging. Scand J Gastroenterol 27 (5):397-
404.

Hutchison VH, Maness JD (1979) The Role of Behavior in Temperature-Acclimation and
Tolerance in Ectotherms. Am Zool 19 (1):367-384.

Jobling M (1980) Gastric Evacuation in Plaice, Pleuronectes platessa L - Effects of
Temperature and Fish Size. J Fish Biol 17 (5):547-551.

Jobling M (1981) Temperature Tolerance and the Final Preferendum - Rapid Methods
for the Assessment of Optimum Growth Temperatures. J Fish Biol 19 (4):439-455.

Jobling M, Davies PS (1979) Gastric Evacuation in Plaice, Pleuronectes platessa L -
Effects of Temperature and Meal Size. J Fish Biol 14 (6):539-546.

Johansen K (1962) Cardiac output and pulsatile aortic flow in the teleost, Gadus
morhua. Comp Biochem Physiol 7 (3):169-174.

Johansen K, Franklin DL, van Citters RL (1966) Aortic Blood Flow in Free-Swimming
Elasmobranchs. Comp Biochem Physiol 19 (1):151-&.

Johnston |, Dunn JF (1987) Temperature acclimation and metabolism in ectotherms
with particular reference to teleost fish. In Temperature and Animal Cells (ed. K.
Bowler and B. J. Fuller). Cambridge: Symposia of the Society for Experimental
Biology XXXXI:67-93.

Johnston |, Guderley H, Franklin C, Crockford T, Kamunde C (1994) Are mitochondria
subject to evolutionary temperature adaptation? J Exp Biol 195 (1):293-306.

Jutfelt F (2011) Barrier functions of the gut. In: In Farrell A.P., (ed.), Encyclopedia of Fish
Physiology: From Genome to Environment. Academic Press, San Diego.

Karila P, Holmgren S (1995) Enteric reflexes and nitric-oxide in the fish intestine. J Exp
Biol 198 (11):2405-2411.

Keast A (1985) Growth responses of the brown bullhead (/ctalurus nebulosus) to
temperature. Can J Zool 63 (6):1510-1515.

Kirtisinghe P (1940) Memoirs: The Myenteric Nerve-Plexus in some lower Chordates. Q
J Microsc Sci s2-81 (324):521-539.

47



Koh SD, Sanders KM, Ward SM (1998) Spontaneous electrical rhythmicity in cultured
interstitial cells of Cajal from the murine small intestine. J Physiol-London 513
(1):203-213.

Korsmeyer KE, Lai NC, Shadwick RE, Graham JB (1997) Heart rate and stroke volume
contributions to cardiac output in swimming yellowfin tuna: Response to exercise
and temperature. J Exp Biol 20 (14):1975-1986.

Kruszewska D, Podgurniak P, Ljungh A, Sebastian A, Larsson L, Zajdel-Dabrowska J,
Pierzynowski SG (2005) Extremely low electrical current generated by porcine small
intestine smooth muscle alters bacterial autolysin production. Exp Physiol 90
(6):855-863.

Kunze WA, Furness JB (1999) The enteric nervous system and regulation of intestinal
motility. Annu Rev Physiol 61:117-142.

Lefebvre S, Bacher C, Meuret A, Hussenot J (2001) Modelling Nitrogen Cycling in a
Mariculture Ecosystem as a Tool to Evaluate its Outflow. Estuarine, Coastal and
Shelf Science 52 (3):305-325.

Lesniewska V, Rowland I, Laerke HN, Grant G, Naughton PJ (2006) Relationship
between dietary-induced changes in intestinal commensal microflora and
duodenojejunal myoelectric activity monitored by radiotelemetry in the rat in vivo.
Exp Physiol 91 (1):229-237.

Levitus S, Antonov JI, Boyer TP, Stephens C (2000) Warming of the World Ocean.
Science 287 (5461):2225-2229.

Mackay RS (1968) Observations on Peristaltic Activity Versus Temperature and
Circadian Rhythms in Undisturbed Varanus flavescens and Ctenosaura pectinata.
Copeia (2):252-&.

Magnuson JJ, Crowder LB, Medvick PA (1979) Temperature as an Ecological Resource.
Am Zool 19 (1):331-343.

Matern SA, Cech JJ, Hopkins TE (2000) Diel movements of bat rays, Myliobatis
californica, in Tomales Bay, California: Evidence for behavioral thermoregulation ?
Environ Biol Fishes 58 (2):173-182.

McCaule RW, Elliott JR, Read LAA (1977) Influence of acclimation temperature on
preferred temperature in the rainbow trout Salmo gairdneri. Trans Am Fish Soc 106
(4):362—-365.

McLeese JM, Don Stevens E (1982) The effect of acclimation temperature, assay
temperature, and ration on the specific activity of trypsin and chymotrypsin from
rainbow trout (Salmo gairdneri). Comparative Biochemistry and Physiology Part B:
Comparative Biochemistry 73 (3):631-634.

McMahon BR, Burggren WW (1987) Respiratory Physiology of Intestinal Air Breathing in
the Teleost Fish Misgurnus anguillicaudatus. J Exp Biol 133 (1):371-393.

Melzner F, Gutowska MA, Langenbuch M, Dupont S, Lucassen M, Thorndyke MC, Bleich
M, Portner HO (2009) Physiological basis for high CO, tolerance in marine
ectothermic animals: pre-adaptation through lifestyle and ontogeny?
Biogeosciences 6 (10):2313-2331.

48



Morgan 1J, McDonald DG, Wood CM (2001) The cost of living for freshwater fish in a
warmer, more polluted world. Global Change Biology 7 (4):345-355.

Mortensen A, Ugedal O, Lund F (2007) Seasonal variation in the temperature
preference of Arctic charr (Salvelinus alpinus). J Therm Biol 32 (6):314-320.

Neill WH, Magnuson JJ (1974) Distributional Ecology and Behavioral Thermoregulation

of Fishes in Relation to Heated Effluent from a Power Plant at Lake Monona,
Wisconsin. Trans Am Fish Soc 103 (4):663-710.

Nelson DO, Heath JH, Prosser CL (1984) Evolution of Temperature Regulatory
Mechanisms. Am Zool 24 (3):791-807.

Nelson JS (2006) Fishes of the World. 4th edn. John Wiley & Sons. Inc., Hoboken, New
Jersey.

Neverman D, Wurtsbaugh WA (1994) The Thermoregulatory Function of Diel Vertical
Migration for a Juvenile Fish, Cottus-extensus. Oecologia 98 (3-4):247-256.

Ohba M, Sakamoto Y, Tomita T (1975) The slow wave in the circular muscle of the
guinea-pig stomach. The Journal of physiology 253 (2):505-516.

Olsson C (2010) The enteric nervous system. In: Martin Grosell APF, Colin JB (eds) Fish
Physiology, vol Volume 30. Academic Press, pp 319-349.

Olsson C (2011) Gut Anatomy and Morphology. In: In Farrell A.P., (ed.), Encyclopedia of
Fish Physiology: From Genome to Environment. Academic Press, San Diego.

Olsson C, Holmgren S (2001) The control of gut motility. Comp Biochem Physiol A Comp
Physiol 128 (3):481-503.

Perkins WE (1971) Method for studying electrical and mechanical activity of isolated
intestine. J Appl Physiol 30 (5):768-771.

Perry AL, Low PJ, Ellis JR, Reynolds JD (2005) Climate change and distribution shifts in
marine fishes. Science 308 (5730):1912-1915.

Persson L (1979) The effects of temperature and different food organisms on the rate
of gastric evacuation in perch (Perca fluviatilis). Freshw Biol 9 (2):99-104.

Persson L (1981) The effects of temperature and meal size on the rate of gastric
evacuation in perch (Perca fluviatilis) fed on fish larvae. Freshw Biol 11 (2):131-138.

Portner HO, Farrell AP (2008) Physiology and Climate Change. Science 322 (5902):690-
692.

Portner HO, Knust R (2007) Climate change affects marine fishes through the oxygen
limitation of thermal tolerance. Science 315 (5808):95-97.

Portner HO, Peck L, Somero G (2007) Thermal limits and adaptation in marine Antarctic
ectotherms: an integrative view. Philosophical Transactions of the Royal Society B-
Biological Sciences 362 (1488):2233-2258.

Randall DJ (1982) The control of respiration and circulation in fish during exercise and
hypoxia. J Exp Biol 100:275-288.

Reynolds WW, Casterlin ME (1979) Behavioral Thermoregulation and the "Final
Preferendum" Paradigm. Am Zool 19 (1):211-224.

49



Rich A, Leddon SA, Hess SL, Gibbons SJ, Miller S, Xu X, Farrugai G (2007) Kit-like
immunoreactivity in the zebrafish gastrointestinal tract reveals putative ICC. Dev
Dyn 236 (3):903-911.

Rodriguez-Membirilla A, Martinez V, Jimenez M, Gonalons E, Vergara P (1995) Is Nitric-
Oxide the Final Mediator Regulating the Migrating Myoelectric Complex Cycle. Am J
Physiol Gastrointest Liver Physiol 31 (2):G207-G214.

Rowell LB, Blackmon JR, Kenny MA, Escourrou P (1984) Splanchnic Vasomotor and
Metabolic Adjustments to Hypoxia and Exercise in Humans. Am J Physiol 247
(2):H251-H258.

Ruckenbusch Y, Bueno L (1976) The effect of feeding on the motility of the stomach and
small intestine in the pig. Br J Nutr 35 (3):397-405.

Ronnestad I, Rojas-Garcia CR, Skadal J (2000) Retrograde peristalsis; a possible
mechanism for filling the pyloric caeca? J Fish Biol 56 (1):216-218.

Sandblom E, Davison W, Axelsson M (2012) Cold Physiology: Postprandial Blood Flow
Dynamics and Metabolism in the Antarctic Fish Pagothenia borchgrevinki. PLoS ONE
Accepted.

Sandblom E, Grans A, Seth H, Axelsson M (2010) Cholinergic and adrenergic influences
on the heart of the African lungfish Protopterus annectens. ) Fish Biol 76:1046-1054.

Sanmiguel CP, Aviv R, Policker S, Haddad W, Brody F, Soffer EE (2007) Association
between gastric electromechanical activity and satiation in dogs. Obesity 15
(12):2958-2963.

Secor SM, Faulkner AC (2002) Effects of meal size, meal type, body temperature, and
body size on the specific dynamic action of the marine toad, Bufo marinus. Physiol
Biochem Zool 75 (6):557-571.

Seebacher F (2000) Heat transfer in a microvascular network: The effect of heart rate
on heating and cooling in reptiles (Pogona barbata and Varanus varius). ) Theor Biol
203 (2):97-109.

Seebacher F, Franklin CE (2007) Redistribution of blood within the body is important for
thermoregulation in an ectothermic vertebrate (Crocodylus porosus). Journal of
Comparative Physiology B-Biochemical Systemic and Environmental Physiology 177
(8):841-848.

Seth H (2010) On the Regulation of Postprandial Gastrointestinal Blood Flow in Teleost
Fish. Universtity of Gothenburg, Gothenburg

Seth H, Axelsson M (2009) Effects of gastric distension and feeding on cardiovascular
variables in the shorthorn sculpin (Myoxocephalus scorpius). Am J Physiol Regul
Integr Comp Physiol 296 (1):R171-177.

Seth H, Sandblom E, Axelsson M (2009) Nutrient-induced gastrointestinal hyperemia
and specific dynamic action in rainbow trout (Oncorhynchus mykiss)-importance of
proteins and lipids. Am J Physiol Regul Integr Comp Physiol 296 (2):R345-R352.

Sims DW, Wearmouth VJ, Southall EJ, Hill IM, Moore P, Rawlinson K, Hutchinson N,
Budd GC, Righton D, Metcalfe JD, Nash JP, Morritt D (2006) Hunt warm, rest cool:

50



bioenergetic strategy underlying diel vertical migration of a benthic shark. J Anim
Ecol 75 (1):176-190.

Sjovall H (2011) Meaningful or redundant complexity — mechanisms behind cyclic
changes in gastroduodenal pH in the fasting state. Acta Physiol 201 (1):127-131.

Southward AJ, Hawkins SJ, Burrows MT (1995) 70 Years Observations of Changes in
Distribution and Abundance of Zooplankton and Intertidal Organisms in the
Western English-Channel in Relation to Rising Sea Temperature. J Therm Biol 20 (1-
2):127-155.

Spencer NJ, Sanders KM, Smith TK (2003) Migrating motor complexes do not require
electrical slow waves in the mouse small intestine. J Physiol-London 553 (3):881-
893.

Stevens ED, McLeese JM (1984) Why Bluefin Tuna Thunnus-Thynnus Have Warm
Tummies Temperature Effect on Trypsin and Chymotrypsin. Am J Physiol 246 (4
PART 2):R487-R494.

Stevens ED, Sutterlin AM (1976) Heat transfer between fish and ambient water. J Exp
Biol 65 (1):131-145.
Stotzer PO, Bjornsson ES, Abrahamsson H (1996) Interdigestive and postprandial

motility in small-intestinal bacterial overgrowth. Scand J Gastroenterol 31 (9):875-
880.

Studier EH, Studier AL, Essy AJ, Dapson RW (1977) Thermal sensitivity and activation
energy of intrinsic intestinal motility in small vertebrates. J Therm Biol 2:101-105.

Sugita H, lwata J, Miyajima C, Kubo T, Noguchi T, Hashimoto K, Deguchi Y (1989)
Changes in microflora of a puffer fish Fugu niphobles , with different water
temperatures. Marine Biology 101 (3):299-304.

Szurszewski JH (1969) A migrating electric complex of canine small intestine. Am J
Physiol 217 (6):1757-1763.

Takahashi A, Tomomasa T, Kaneko T, Watanabe T, Tabata T, Morikawa H, Tsuchida Y,
Kuwano H (2001) Intestinal motility in an in vivo rat model of intestinal ischemia-
reperfusion with special reference to the effects of nitric oxide on the motility
changes. J Pediatr Gastroenterol Nutr 33 (3):283-288.

Takala J (1996) Determinants of splanchnic blood flow. Br J Anaesth 77 (1):50-58.

Temming A, Bohle B, Skagen DW, Knudsen FR (2002) Gastric evacuation in mackerel:
the effects of meal size, prey type and temperature. J Fish Biol 61 (1):50-70.

ter Steege RWF, Kolkman JJ (2012) Review article: the pathophysiology and
management of gastrointestinal symptoms during physical exercise, and the role of
splanchnic blood flow. Aliment Pharmacol Ther:n/a-n/a.

Thorarensen H, Farrell AP (2006) Postprandial intestinal blood flow, metabolic rates,
and exercise in Chinook salmon (Oncorhynchus tshawytscha). Physiol Biochem Zool
79 (4):688-694.

Thorarensen H, Gallaugher PE, Kiessling AK, Farrell AP (1993) Intestinal blood-flow in
swimming chinook salmon Oncorhynchus tshawytscha and the effects of hematocrit
on blood-flow distribution. J Exp Biol 179:115-129.

51



Thorarensen H, Mclean E, Donaldson EM, Farrell AP (1991) The Blood Vasculature of
the Gastrointestinal-Tract in Chinook, Oncorhynchus tshawytscha (Walbaum), and
Coho, Oncorhyncus kisutch (Walbaum), Salmon. J Fish Biol 38 (4):525-531.

Turley C, Eby M, Ridgwell AJ, Schmidt DN, Findlay HS, Brownlee C, Riebesell U, Fabry VJ,

Feely RA, Gattuso JP (2010) The societal challenge of ocean acidification. Mar Pollut
Bull 60 (6):787-792.

Udassin R, Eimerl D, Schiffman J, Haskel Y (1995) Postischemic Intestinal Motility in Rat
Is Inversely Correlated to Length of Ischemia - an in-Vivo Animal-Model. Dig Dis Sci
40 (5):1035-1038.

Wallman HL, Bennett WA (2006) Effects of parturition and feeding on thermal
preference of Atlantic stingray, Dasyatis sabina (Lesueur). Environ Biol Fishes 75
(3):259-267.

Walus KM, Jacobson ED (1981) Relation between small intestinal motility and
circulation. Am J Physiol Gastrointest Liver Physiol 241 (1):G1-15.

Wang T, Overgaard J (2007) The heartbreak of adapting to global warming. Science 315
(5808):49-50.

Webb RC (2003) Smooth muscle contraction and relaxation. Advances in Physiology
Education 27 (4):201-206.

Wilmore DW, Goodwin CW, Aulick LH, Powanda MC, Mason AD, Pruitt BA (1980) Effect
of injury and infection on visceral metabolism and circulation. Ann Surg 192 (4):491-
504.

Windell JT, Kitchell JF, Norris DO, Norris JS, Foltz JW (1976) Temperature and Rate of
Gastric Evacuation by Rainbow Trout, Salmo gairdneri. Trans Am Fish Soc 105
(6):712-717.

Wourtsbaugh WA, Neverman D (1988) Post-Feeding Thermotaxis and Daily Vertical
Migration in a Larval Fish. Nature 333 (6176):846-848.

Yin J, Levanon D, Chen JDZ (2004) Inhibitory effects of stress on postprandial gastric

myoelectrical activity and vagal tone in healthy subjects. Neurogastroenterol Motil
16 (6):737-744.

52



