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DISSERTATION ABSTRACT

Jenny Kronstrom (2009) Control of bioluminescence - operating the light switch in
photophores from marine animals Department of Zoology/Zoophysiology, University of
Gothenburg, Box 463, 405 30 Géteborg

Physiologically controlled photocytes, capable of producing bioluminescence, are a common
feature in the ocean among animals ranging from cnidarians to fish. The aim of this thesis was to
study and compare the nature of this control, in both distantly and closely related species from
the groups Teleostei Crustacea, and Cnidaria.

This was done using histochemistry and electron microscopy to reveal the internal
morphology of the different photophores and to identify the location of nerves and signalling
substances inside these organs. Moreover, luminescence responses of isolated photocytes,
photophores or live animals, exposed to drugs with effects on adrenergic, noradrenergic, 5-
hydroxytryptaminergic and nitric oxide signalling mechanisms, were measured.

Nitric oxide donors had modulating, primarily quenching, effects on the luminescence
from the fish species Argyropelecus hemigymnus and Porichthys notatus and the krill Meganyctiphanes
norvegica. However, a few of the A. hemigymnus photophores, and a part of the P. notatus response
were potentiated when using nitric oxide donors. The variety in nitric oxide responses was
reflected by the presence of nitric oxide synthase-like material in different cell types, including
neurons, photocytes and lens/filter cells, in the photophores from the studied fish species and
Meganyctiphanes norvegica.

Capillary sphincter cells and capillary endothelia contained nitric oxide synthase-like
material in Meganyctiophanes norvegica photophores. Moreover, varicose nerve fibres, containing 5-
hydroxytryptamine, followed the capillaries and reached the sphincter cells, suggesting that nitric
oxide and 5-hydroxytryptamine may interact and control the resistance for haemolymph flow in
the photophores, but other mechanisms are also discussed in the thesis. Contractile properties of
the sphincter structures, and possibly the endothelial cells, were supported by the presence of
muscle-like filaments in the sphincter structures and filamentous actin in both sphincter and
endothelial cells. Relaxation of sphincters and capillaries may increase the flow of oxygenated
haemolymph to the light-producing cells, thus stimulating or facilitating luminescence. Further
indications for this scenario were a stimulation of luminescence by muscle relaxing substances
and a quenching of the 5-hydroxytryptamine stimulated luminescence by a muscle contracting
substance. Attempts to study an adrenergic mechanism in cnidarians failed for unknown reasons.

In conclusion, it was shown that a nitric oxide signalling system is present in the
photophores from several luminescent species. The variety of nitric oxide responses, as well as
the wvariety of morphological arrangements and patterns of innervation in the studied

photophores emphasise the biodiversity of bioluminescence.
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INTRODUCTION

Bioluminescence is light produced by live organisms. The ability to produce light is a common
feature in the animal kingdom, even though most people are not aware of the widespread
occurrence of this phenomenon. Bioluminescent species are so far found in ca one third of the
animal phyla, and the majority of these dwell in the marine habitat (Harvey 1916, Herring 1987,
Haddock and Case 1994).

Bioluminescence is produced by a chemical reaction between a substrate, luciferin, and an
enzyme, luciferase. Luciferin, the light emitting molecule, is excited in the luminescence reaction
and emits light as the molecule relaxes to the normal state (fig. 1). This reaction requires oxygen
in most cases (Hastings 1983, Shimomura 2006). Luciferin and luciferase are produced in
endogenous light-producing cells so called photocytes (this is by far the most common, Herring
1987) or in bacteria in symbiotic relation with a multicellular organism such as a fish or squid.
The light-producing reaction can take place inside or outside the cells (Hastings and Morin 1991).
Symbiotic luminous bacteria are usually contained in specialised pockets in the skin or gut of the
host animal, while photocytes are gathered to form either luminous areas on the body or in
specific light organs (photophores). Photophores contain accessory structures such as reflector,
filter or lens to direct and modify the light emitted by the photocytes to fit the ambient situation
(Denton, et al. 1985). There are several ecological benefits to bioluminescence including
camouflage (counter-illumination), interspecies signalling, scaring predators, luring prey and
illumination, depending on species (Widder 1999).

luciferin + O, + luciferase — luciferin*— luciferin + hv

Fig. 1 General bioluminescence reaction. The light emitter luciferin reacts with oxygen and the enzyme
luciferase to form an exited form of luciferin, indicated with *. Light (hv) is emitted when the molecule
relaxes to normal state. Modified from Wilson and Hastings 1998

Animals possessing bacterial bioluminescent symbionts can only control the light by
covering or uncovering the bacteria, which are constantly glowing (animals with bacterial
symbionts will not be discussed further in this thesis). However, in species with endogenous
photocytes the production and intensity of light is precisely regulated (Hastings and Morin 1991).
For example, fireflies are communicating between sexes with flashes of specific length and
frequency and are capable of producing long and short flashes like a “Morse code” for this
purpose (Herring 2000a). In hatchetfish (Argyropelecus spp.) and many other fish species living in
the mesopelagic (200-1000 m depth) part of the ocean, the intensity of light is closely adjusted to
the illumination from the surface and used as a camouflage (Denton, et al. 1972, Widder 1999).

In contrast to the large interest in the chemical nature of the bioluminescent reactants,
luciferins and luciferases, and their application possibilities in modern molecular biology, the
physiological control of light production has been extensively studied only in a few species.

However, bioluminescence is of great interest in an evolutionary and functional perspective, since



light-producing capabilities have evolved separately several times and appears in distantly related
animal groups (Herring 1987).

In this thesis, the control mechanisms for endogenous light production in marine fish, krill
and sea-pens have been investigated. Most focus has been on the hatchetfish (Argyropelecus
hemigymnus), the Northern krill (Meganyctiphanes norvegica) and the signalling substance nitric oxide
(NO), but mechanisms involving 5-hydroxytryptamine (5-HT) and adrenaline/noradrenaline

have also been investigated to some extent.

Signalling substances

Catecholamines

The catecholamines noradrenaline and adrenaline are synthsised in neurons and/or chromaffin
tissue of all vertebrate groups and are involved in the autonomic control system, regulating blood
pressure, heart performance, metabolism and numerous other involuntary events. Noradrenaline
is synthesized from L-tyrosine via a chain of events, involving the enzymes tyrosin hydroxlase,
aromatic L-amine decarboxylase and dopamine []-hydroxylase. Adrenaline is derived from
noradrenaline through the action of the enzyme phenylethanolamine-N-methyl transferase
(Nilsson 1983).

Adrenaline and noradrenaline are less common in invertebrates, where dopamine and
octopamine are the major catecholamines expressed, but nevertheless the presence of adrenaline
or noradrenaline has been reported in species from several invertebrate groups including
molluscs, cnidarians, echinoderms, crustaceans and insects (Carlberg and Rosengren 1985,
Delcomyn and Prosser, Walker and Holden-Dye 1991). Vertebrate catecholamine receptors are
a- or B-receptors with several subtypes, of which homologues to the mammalian §3, receptor are
most frequently found in invertebrates (Palacios, et al. 1989). Adrenaline stimulates luminescence
in the sea-pen Renilla koelliker:, probably via 3-like receptors (Anctil and Boulay 1982, Awad and
Anctil 1993). Further effects of noradrenaline and adrenaline on luminescent systems are

summarised in the section “Control of luminescence” below.

5-Hydroxytryptamine (5-HT)

5-HT, often called serotonin, is a monoamine that functions both as a neurotransmitter and a
hormone, and is synthesized from L-tryptophan by the enzymes tryptophan hydroxylase and
aromatic L-aminoacid decarboxylase (Nilsson 1983). It is present in the nervous system of
vertebrates and invertebrates (Walker and Holden-Dye 1991, Beltz 1999, Moreau, et al. 2002) and
stored in endocrine tissue, such as endocrine cells in fish intestine and crustacean pericardial
organ (Anderson 1983, Beltz and Kravitz 1986, Anderson and Campbell 1988).

Seven different 5-HT receptor families, with numerous subtypes, have been identified in
mammals. The intracellular effects of 5-HT stimulation may be an increase or decrease of
intracellular cAMP, stimulation of phospholipase C or opening of sodium-potassium channels in
the plasma membrane, depending on the receptor type stimulated (Saudou and Hen 1994,
Tierney 2001). In this thesis, 5-HT mechanisms of action have been studied in krill. The 5-HT



receptor functions appear to be similar in invertebrates as in mammals (Blenau and Baumann
2001) and e.g. a receptor with 5-HT,-like properties has been identified physiologically in the
crayfish Procambarus clarkii (Tabor and Cooper 2002). Furthermore, a 5-HT

related to the mammalian 5HT, receptor, but with unknown mechanism of action has been

Lemse TECEPtOr closly
cloned from prawn (Macrobrachinm rosenbergii), spiny lobster (Panulirus interruptus) and the crayfish
(Procambarus clarkii) (Sosa, et al. 2004).

5-HT has numerous effects on the heart, muscle and behaviour of crustaceans, but most
interestingly, it stimulates krill luminescence (Kay 1962, Kuramoto and Ebara 1984, Wilkens
1987, Delcomyn and Prosser 1991, Fregin and Wiese 2002).

Nitric oxide (NO)

NO is an important messenger molecule in many biological systems ranging from plants to
mammals (Torilles 2001). It is a gaseous molecule which is both water- and lipid-soluble and
diffuses easily through membranes into a target cell, or other neighbouring cells. In biological
systems, NO is produced from L-arginine by the enzyme nitric oxide synthase (NOS), resulting
in citrulline as a byproduct. This reaction requires the cofactors NADPH, FAD, heme, calcium
calmoduline and BH, (Bredt and Snyder 1994). NOS is present in three isoforms in mammalians:
endothelial NOS (eNOS), inducible NOS (iNOS) and neuronal NOS (nNOS). In general, eNOS
and nNOS are considered to be constitutive, while iNOS is a player in the immune system and
induced by, for example, bacterial lipopolysaccarides (Bredt and Snyder 1994, Laing, et al. 1999).
However, some studies indicate that nNOS and eNOS can also be induced (Alderton, et al.
2001).

In nonmammalian animals it appears that all these isoforms do not always exist, but in fish
and sea urchin, there are indications for at least two NOS isoforms (Bicker 2001, Cox, et al.
2001). NOS usually shows more sequence similarity between species than between isoforms, and
the parts binding the cofactors required for the function of the enzyme are highly conserved
regions of the NOS molecule (Cox, Mariano, Heck, Laskin and Stegeman 2001).

The first record of NO as a physiologically active molecule described a relaxing substance
produced by endothelial cells that acted on rabbit vascular smooth muscle (Palmer, et al. 1987).
This muscle relaxing effect has been recorded in several animal groups including echinoderms
(Elphick and Melarange 1998, Elphick and Melarange 2001) and fish (Agnisola 2005). NO has
also been shown to be important in both the autonomic and the central nervous system, acting as
a retrograde transmitter and causing, for example, long term potentiation and memory
consolidation in mammals and insects (Lincoln, et al. 1997, Bicker 2001). NO is unusual as a
neurotransmitter in the sense that it is not stored in vesicles in the nerve terminals and lack
receptors on the cell surface (Bredt and Snyder 1994).

The most commonly reported mechanism of NO action is through stimulation of soluble
guanylyl cyclase, that leads to production of cGMP, which in turn has several mechanisms of
action depending on cell type (Koesling, et al. 2004). Several other mechanisms of NO action
have also been suggested, such as affecting excitability of neurons/cells via direct effects on ion-
channels and causing inhibition of cellular respiration by binding to oxygen sites in the
mitochondrial electron transport chain (Brown 1995, Erxleben and Hermann 2001, Hermann

and Erxleben 2001). In bioluminescent systems, NO is so far not well explored, but it is



established that firefly bioluminescence is controlled by NO (as described in the section “Control

of luminescence” below, Trimmer, et al. 2001).

Evolution of bioluminescence

Bioluminescent species are believed to have evolved independently about 30 times over time
(Herring 1987). The following citation of Harvey (1952) illustrates the apparent randomness of

the emergence of bioluminescent species:

“..., as if a handful of damp sand has been cast over the names of various groups written on a
blackboard, with luminous species appearing wherever a mass of sand struck. ..It is an
extraordinary fact that one species in a genus may be luminous and another closely allied species

contains no trace of luminosity.”

Hence, there is no common ancestor for all bioluminescent species and the luminescent
systems have different origins, resulting in diverse morphological and physiological solutions for
producing and emitting light. On the basis of the unpredictable appearance of luminescent
species throughout evolution, and the necessity for oxygen in most luminescence reactions, it has
been speculated that bioluminescence might have evolved to eliminate oxygen or reactive oxygen
species from the tissue: functions necessary for all animals (Rees, et al. 1998, Timmins, et al.
2001a). For example, in cell culture, the luciferin coelenterazine has been shown to reduce death
of human fibroblasts exposed to oxidative stress (Rees, et al. 1998). Moreover, coelenterazine is
detected not only in light organs, but is also frequently found in the digestive tract and
hepatopancreas of both luminous and non-luminous fish, cephalopods and decapods (Mallefet
and Shimomura 1995, Thomson, et al. 1997, Rees, et al. 1998).

Light-producing systems (luciferins and luciferases)

In bioluminescence systems, the luciferins are the light-emitting molecules. At least nine different
luciferins have been isolated and some of them are found in several phyla, implicating that the
molecule might be passed on in the food chain (fig. 2, Shimomura 20006). Experiments with the
jellyfish _Aguorea victoria and the midshipman fish, Porichthys notatus, show a requirement for a
luciferin in the diet for the ability to produce light (Barnes, et al. 1973, Thompson and Tsuji 1989,
Haddock, et al. 2001). In contrast, the enzymes, luciferases, are endogenous, produced by the
animal itself, irrespective of whether luciferin is internally produced or received via the food
(Shimomura 2000).

Bioluminescence can be of different colours, but the majority of the primary
bioluminescence reactions between luciferin and luciferase produce blue light, and blue is also the
most common colour of light emitted from the photophores in marine animals (Widder, et al.
1983). This is of advantage since blue wavelengths travels furthest in seawater (Kampa 1970).

Other colours, for example green, can be obtained with fluorescent proteins like the well known



green fluorescent protein (GEFP). Professors O. Shimomura, M. Schalfie and R. Y. Tsien were
awarded with the Nobel Prize 2008 for the discovery of GFP and the development of widely
used applications in molecular biology for this protein. The energy from the luciferin-luciferase
reaction is transferred to GFP and emitted as green light (Shimomura 20006). The structure of the
luciferase is also of importance for the colour of light emitted, as well as the presence of
pigmented filters covering the photocytes (Seliger and McElroy 1964, Denton, et al. 1970).

The luciferin coelenterazine is found in coelenterates (i.e. Cnidaria and Ctenophora) and
was first isolated from the jellyfish .A. victoria (Shimomura and Johnson 1972), but it has also been
found in many other animals possessing intracellular or extracellular bioluminescence, such as
sea-pens, squid, shrimp and fish (Shimomura and Johnson 1975, Rees, et al. 1992, Mallefet and
Shimomura 1995, Shimomura 20006). In A. Victoria, the coelenterazine is a part of a photoprotein
complex (aequorin) also comprising oxygen and luciferase. Addition of calcium to aequorin
stimulates luminescence without requiring exogenous oxygen (Shimomura 2006). Like in A.
victoria, calcium is the single stimulus controlling the luminescence reaction in the sea-pen Renilla
spp. However, in Renilla spp. and other anthozoans, for example Veritillium cynomorium,
coelenterazine is stored bound to a luciferine-binding protein together with luciferase in
intracellular compartments (luminosomes) (Henry 1975, Shimomura 20006). Binding of calcium to
the luciferin-binding protein results in the release of coelenterazine, which then is free to react
with available oxygen and luciferase resulting in a luminescence reaction (Anderson and Cormier
1973, Cormier 1978). Moreover, A. victoria, Renilla spp. and many other cnidarians emit green
light with the assistance of GFP (Anderson and Cormier 1973).

Coelenterazine has also been found in sufficiently high concentrations in the photophores
of the fish species A. hemigymnus, Cyclothone braneri, Myctophum punctatum and Vincignerria attennata,
to suggest that this is the functional luciferin in these systems (Rees, et al. 1990, Mallefet and
Shimomura 1995). A luminescence reaction is obtained when 1. affennata tissue extracts are
mixed with coelenterazine, further supporting that coelenterazine is the luciferin in this fish
(Rees, et al. 1990). One report suggests that A. hemigymnus and several lanternfish species
(Myctophidae spp.) possess bacterial luminescence, based on the detection of the bacterial
luciferase genes lux A and B (ibrio fisheri), in tissue samples from these species (Foran 1991).
However, the same experiments repeated by another group gave contradictory results arguing
against bacterial luminescence in these fish (Haygood, et al. 1994). In contrast, it is clearly
established that the P. wmofatus, living in more shallow waters, uses the luciferin from a small
ostracod (Cypridina hilgendorfii) that is common in their habitats (12 Harper 1999, 22 Mensinger
and Case 1991). The ostracod luciferin-luciferase light reaction requires oxygen and calcium
(Shimomura, et al. 1961).

The krill luciferin-luciferase reaction is also dependent on oxygen and is very pH sensitive
(Shimomura and Johnson 1967, Shimomura 1995). The pH sensitivity is shared by the
dinoflagellate light reaction and, moreover, the structure of the dinoflagellate luciferin molecule is
very similar to the krill luciferin (fig. 1), possibly suggesting that the krill might receive the
luciferin when feeding on dinoflagellates (Schmidt and Atkinson 2000).
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Fig. 2 Molecular structure of the luciferins which are used for light production by species discussed in this
thesis. References: White, et al. 1961, Bode and Hastings 1963, White, et al. 1963, Kishi, et al. 1966, Hori,
et al. 1977, Inoue, et al. 1977, Nakamura, et al. 1988

Photophores

Photophores are morphologically advanced organs containing light-producing cells, photocytes,
and accessory structures such as reflector, filter or lens to direct and modify the light emitted by
the photocytes. Different types of photophores are common among bioluminescent animals, but
some groups, like sea-pens or brittlestars, lack photophores and have the photocytes gathered in
luminous tissue areas, without accessory structures (Anctil, et al. 1984b, Hastings and Morin
1991, Deheyn, et al. 1996). For pictures of some of the photophores and luminous tissues
studied, see fig. 3.

All the fish species in this study possess ventrally located photophores, probably used for
counter-illumination of the ventral surface of the fish, to avoid forming a dark silhouette when
viewed from below. However, both counter-illumination (Harper and Case 1999) and courtship
displays of the photophores have been reported in P. notatus (Crane 1965), and many of the
lanternfish species possess additional caudal photophores for interspecies communication
(Barnes and Case 1974, Paxton, et al. 1984). Similarly to the fish species, krill have their
photophores positioned ventrally, which suggests a counter-illumination purpose (Widder 1999),
but interspecies communication has been observed (Mauchline 1960) and some krill species even
have a sexual dimorphism in the pattern or size of the light organs (Herring 1978). However, in
M. norvegica, studied in papers III and IV, the number and distribution of photophores is the

same in both sexes.



The development of photophores differs among species in both succession of photophore
formation and tissue origin. Photophores are either developed simultaneously (e.g C. braneri and
A. bemigymnus) or in succession (e.g. V. attenuata and M. norvegica); however, photophores
developed late may still become functional at the same time as earlier developed light organs (C.
braweri and V. attenuata) (Petersson 1968, Ahlstrom 1973). Photophores are usually superficial
structures and, for example, formed from the ectoderm in krill and from the ectoderm and
mesoderm in P. notatus (Petersson 1968, Anctil and Case 1977).

Adult photophores are morphologically very different structures among species and animal
groups, but photocytes and the accessory structures reflector, lens and/or filter cells ate common
features of most types (Herring and Morin 1978). With accessory structures it is possible to
narrow the spectrum of wavelengths, changing colour of the emitted light, and direct and reflect
the primary light produced by the photocytes. For example, the counter-illuminating hatchetfish
(Argyropelecus spp.) use reflectors to scatter the light from the photocytes according to a specific
pattern, optimal for blending with the weak illumination from the surface (Denton, et al. 1969,
Denton, Gilpin-Brown and Wright 1970, Denton, Gilpin-Brown and Wright 1972). Cells
containing a filtering pigment cover the exit for the light and narrow the spectrum of
wavelengths, emitted from the hatchetfish photocytes. The spectrum of the emitted light, after
filtering, very closely matches the ambient light spectrum at 500 m depth in clear oceanic water
(Denton and Herring 1978, Denton, et al. 1985). The intensity of light is physiologically
controlled to match the light from the surface, and studies with P. nofatus and the lanternfish
Symbolophorus californiensis show that the fish adjust their luminescence to an experimentally set
background illumination (Case, et al. 1977, Harper and Case 1999)

Fig 3. Schematic pictures of (A) A. hemigymnus,
B) M. norvegica and (C) P. phosphorea and
photographs  of  their  photophores  and
luminescent tissue (a, b and ¢ respectively). The
hatchetfish, Argyropelecus hemigymnus, has ventrally
located photophores (a, arrows), seen as pink
dots in the photograph. (B) The krill, M. norvegica,
has two ocular photophores (upper arrow, bi)
and eight ventral (ie. lower arrow, bp)
photophores distributed between four pairs of
pleopods and on the ventral part of the
cephalothorax. (C) The luminescent autozooid
polyps of the sea-pen colony Pennalula phosphorea
are situated on the edge of the colony leafs (for
example in boxed area). (c) The area containing
photocytes is fluoresceing in green, indicating
presence of GFP. Bars are a: ca 1 cm, by, bz and
c: ca 100 um Picture a is shown with kind
permission from J. Mallefet.




Control of luminescence

Physiological and morphological investigations of isolated photophores, or live luminescent
animals, indicate that the control mechanisms for luminescence onset, intensity and duration are,
at least partly, neuronal in most species studied, possessing endogenous photocytes. Implications
for nervous control are e.g. the responsiveness of photophores to electrical stimuli and the
presence of nerves detected with electron microscopy or light microscopy in the photophores of
fish, krill and sea-pens (Nicol 1954, Petersson 1968, Barnes and Case 1974, Baguet 1975, Anctil
and Case 1977). The photocytes are directly innervated in many species, but the krill photocytes
are unusual in lacking direct innervation, and nerves instead reach other cells near the photocytes
(discussed further below, paper IV, Herring and Locket 1978).

Electrical stimulation of the spinal cord or isolated photophores induces light reactions in
several species of lanternfish (Myctophum punctatum, Benthosema glaciale, Stenobrachins leucopsarsus,
Lampanyctus ritters, Triphoturus mexicanus) with varying kinetics (mainly rapid flashes) depending on
type of luminous tissue (ventral or caudal photophores) and stimulus strength and duration
(Anctil 1971, Barnes and Case 1974, Christophe and Baguet 1982). The photophores or
luminescent tissue of A. hemigymnus, Manrolicus muellers, and P. notatus, M. norvegica and the sea-pen
Pennatula phosphorea are also stimulated to flash by electricity (Nicol 1957, Nicol 1958, Anderson
and Case 1975, Baguet 1975, Fregin and Wiese 2002).

Adrenaline is the most extensively investigated stimulus for marine bioluminescence and
has been found to induce light production in several fish and cnidarian species. Whole colonies
or single polyps from the sea-pen R. koellikeri respond with luminescence to adrenergic stimuli
(Anctil and Boulay 1982). Uptake of adrenalin in tissue containing photocytes has also been
demonstrated in R. koellikeri (Anctil, et al. 1984b). Injection of adrenaline or noradrenaline in live
fish, or when applied to isolated photophores, stimulates luminescence in .A. hemigymnus, M.
muelleri and P. notatus and these catecholamines are also present in extracts of photophores from
A. hemigymnus, M. muelleri, V. attennata and M. punctatum (Salpietro, et al. 1998). However, attempts
to stimulate luminescence in different lanternfish including M. punctatum with adrenaline,
noradrenaline or acetylcholine have failed, possibly due to problems with maintaining these fish
live and wealthy after capture (Anctil 1971, Barnes and Case 1974).

Isolated photophores from A. hemigymnus respond to stimulation with both adrenaline and
noradrenaline with a long lasting glow. However, the photophores are much more sensitive to
adrenaline (200 times lower ED, ). Responses start already at exposure to 10° M adrenaline, while
concentrations of between 10 and 10" M noradrenaline are required for a proper response.
Photophores deriving from separate individuals are either weakly or strongly responding to
adrenaline (fig. 4). The maximal light emission of the strongly responding photophores is
approximately seven times higher than the maximal response of weakly responding organs
(Baguet and Marechal 1977). The physiological reason for the differences in response is
unknown, but probably not related to the physiological state of the light organs, since there is no
difference in oxygen consumption between strongly responding and weakly (or non) responding
photophores, indicating that both types are in the same physiological state (Mallefet and Baguet
1985).
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Isolated photophores from P. notatus respond to noradrenaline with two phases of
luminescence, a fast and short response followed by a slow, longer response (fig. 4, Christophe
and Baguet 1983, Christophe and Baguet 1985, J. Kronstréom, C. Vanderlinden and J. Mallefet,
previously unpublished data). Results from experiments with different adrenergic agonists and
antagonists, specifically directed towards a- or B-adrenergic receptors, suggest that the fast
response is mediated via a-receptors and the slow via 3-receptors. However, the results are not
completely clear (Christophe and Baguet 1983, Christophe and Baguet 1985).
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Fig. 4 Original recordings of luminescence trom (a) Porichthys notatus and (b) Argyropelecus hemigymmnus after
stimulation, at time 0, with noradrenaline (0.1 mM) and adrenaline (0.5 mM) respectively. The P. notatus
recording is from a single photophore showing the characteristic fast and slow light responses in
succession. The A. hemigymnus traces are from photophores from separate individuals, one showing the
weak (solid line) and the other the strong (hatched line) adrenaline response. The 4. bemigymnus recording
is made by J. Mallefet and shown with his kind permission.

5-HT has an inhibitory effect on electrically stimulated luminescence in P. notatus, but the
response stimulated with noradrenaline is not affected (Baguet 1975). Moreover,
immunoreactivity against 5-HT has been found in the photocytes of P. notatus and they also
sequester radioactively labelled 5-HT in the photocytes. This suggests a role for 5-HT in the
control of luminescence from P. notatus photophores (Anctil, et al. 1984b, Mallefet and Anctil
1992a). In contrast to the inhibitory effects on luminescence on P. notatus photophores, 5-HT
stimulates bioluminescence in live krill (Kay 1962, Kay 1965, Fregin and Wiese 2002), but the
mechanism for this is not known. Another often reported stimulus for luminescence in krill is
light, either from artificial light sources like camera flashes or from other krill (Mauchline 1960,
Kay 1965).

Fireflies also answer to light signals with light production on there own. Octopamine, a
catecholamine commonly expressed in invertebrate nervous systems, has been known to
stimulate luminescence in fireflies, but the mechanisms for octopamine action were not
understood until after the discovery of the importance and universal occurrence of the signalling
substance NO. Only then, NO was identified as the mediator, produced in response to
octopamine stimulation of a cell type adjacent to the photocytes in the firefly photophore. NO,

in turn, triggers luminescence (Trimmer, et al. 2001).
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As can be understood from the previous sections, the understanding of reaction
mechanisms controlling bioluminescence, with few exceptions, is fragmentary. Extensive
investigations of light-controlling mechanisms have only been performed on a few species or
groups including the cnidarians Renilla spp. and A. victoria, fireflies, brittlestars and a few fish
species. Studies of the physiological control of luminescence in brittlestars show that the
knowledge of the control mechanisms can not be automatically extrapolated even between
closely related species. For example, the brittlestar species Amphinra filiformis and Amphipholis
squamata share a cholinergic light control, while Ophiopsila californica responds to tryptamine and
Opbhiopsila aranea responds to none of the substances tested on the other species (Dewael and
Mallefet 2002, Vanderlinden and Mallefet 2004).
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AIMS

In this thesis, I have investigated the control mechanisms for bioluminescence in various species.
The aims were to extend the number of luminescent species investigated and to add new
knowledge to partly understood systems, such as the krill photophores. Species from the groups
Teleostei, Crustacea and Cnidaria were chosen in order to compare the nature of the

physiological control of luminescence among distantly related groups.
More specific aims were to:

Identify and describe the presence and pattern of nitric oxide synthase containing structures in

photophores from different species.
Investigate the role of nitric oxide in the physiological control of luminescence these species.

Elucidate the nature and physiological significance for luminescence control of capillary sphincter

structures in photophores of the krill Meganyctiphanes norvegica.
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METHODOLOGICAL ASPECTS

Animals

Marine bioluminescent animals with endogenous photocytes belonging to the groups Teleosts
(papers I and II), Crustacea (papers I1I and IV) and Cnidaria (previously unpublished data) were
studied. For evolutionary relationships, see table 1 after the “Results and Discussion” section.

The cnidarian sea-pens Pennatula rubra, Pteroides spinosum and Veritillium cynomorium were
hand-collected by divers from mud bottoms in the Mediterranean outside Banyuls, France.
Pennatula phosphorea was collected by hand or with Agassiz-scraper from the mud bottoms of the
Gullmar fjord, Sweden. The sea-pens were kept in tanks provided with running seawater (at
ambient temperature) at the Oceanology Observatory of Banyuls, France or at the Sven Lovén
Centre for Marine Sciences, Fiskebickskil, Sweden. The animals were not fed, but presumably
consumed small organisms found in the tank seawater, supplied directly from the Mediterranean
or the Gullmar fjord.

Krill, Meganyctiphanes norvegica, were collected with an Isaacs-Kidd mid-water trawl in the
Gullmar fjord, Sweden. They were kept in running seawater (6°C) at the Sven Lovén Centre for
Marine Sciences or in aquaria filled with water collected in the Gullmar fjord at the Department
of Zoophysiology, Géteborg, Sweden. The water was changed approximately every third day and
the animals were fed mainly with Artemia salina larvae. The krill were used within two weeks after
collection. Within this time frame, the time in captivity did not affect the ability to respond to
light-producing stimuli.

Mesopelagic bioluminescent fish species _Argyropelecus  hemigymnus, Maurolicus — muller,
Vincignerria attennata, Cyclothone braneri and the lanternfish species Electrona risso, Hygophum benoiti
and Myctophum punctatum were captured with hand net from a small boat in the Strait of Messina,
Sicily, Italy, or collected at dawn from the beaches of the Strait. This was possible as strong
currents and winds in the Messina area during the winter and early spring force fresh specimens
of mesopelagic fish to shallow waters and make some of them wash ashore on the beaches
(Baguet 1975). The fish were kept in seawater in the fridge and used the same day.

Shallow-water midshipman fish, Porichthys notatus, were collected by divers in Santa Barbara
(California, USA) and shipped by air to Brussels (Belgium) and transported to the Laboratory of
Marine Biology, University of Louvain, Louvain-la-Neuve (Belgium) where they were kept in
aquaria (15-17 °C) until use. The fish were fed with frozen, thawed fish.

Microscopy studies
Different histochemical techniques, including immunohistochemistry and NADPH diaphorase

(NADPHdJ) staining, were performed on sections of photophores from all fish species and M.

norvegica in order to detect the presence and location of elements involved in the control of light
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production. Electron microscopy was used to study in detail certain cell types, central for the

process of light production, in the M. norvegica photophores.

Fixation and embedding of tissue
Histochemistry Details regarding the fixation and further treatment of the histochemical samples
are given in the individual papers. In general, for immunohistochemistry, tissue was dissected out
and fixed in Zamboni’s fixative, rinsed and dehydrated in a graded alcohol series for subsequent
treatment with xylene, rehydrated to phosphate-buffered saline, cryoprotected in phosphate-
buffered saline with sucrose, embedded in either O.C.T or agar and quickly frozen in isopentane
chilled with liquid nitrogen. Agar was used for increased stability when sectioning samples with
large differences in tissue density, for example whole fish with bones or krill with a dense
exoskeleton see Holmberg, et al. 2001.

Preparations destined for treatments involving the actin probe, rhodamin phalloidin, were
fixed in 4% formaldehyde. My conception is that this rendered a slightly poorer morphological
resolution than Zamboni’s fixative, especially in the M. norvegica preparations (paper 1V).

Electron microscopy Electron microscopy was used to study the sphincter structures in M. norvegica
photophores (paper IV). Photophores were fixed in glutaraldehyde (2.5%) with formaldehyde
(2%) or in glutaraldehyde (2.5%). Both fixations gave equally good morphological resolution in
the sections. The protocol for preparation of electron microscopy samples is described in detail
in paper IV.

Auntibodies and probes

Indirect immunohistochemistry was used to detect NOS-containing structures inside, or
associated to, the photophores of fish (papers I and II) and krill (paper III) and to visualize
nerve fibres innervating these organs. In addition NADPHJ staining was used to detect NOS in
P. notatus (paper 1I). Antibodies against 5-HT, myosin and actin and an actin probe (thodamin
phalloidin) were used in search for 5-HT, myosin and actin in M. norvegica photophores (papers
III and 1V).

Commercially available monoclonal and polyclonal antibodies raised against, primarily,
mammalian antigens were used. Detailed information on all the antibodies is given in tables in the
respective papers. The staining with antibodies directed against proteins is referred to as, for
example, NOS-like in this thesis as the non-mammalian species may have other substances that
the antibody will bind to, possibly with equal or higher affinity. Even though controls have been
performed it is not possible to be completely certain of the identity of the non-mammalian
proteins detected, hence the use of i.e NOS-like. Furthermore, the amino acid sequence and
tertiary structure may vary somewhat among species, and the affinity of antibodies raised against
mammalian substances may not be as strong in non-mammalian species. 5-HT has a common
structure throughout the animal kingdom and therefore the binding of antibodies raised against
5-HT is less likely to be affected by the species origin of the antigen.
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Nerve markers To detect nerve fibres in fish (papers I and II), an antibody raised against acetylated
tubulin (AcT) was used. AcT is restricted to nerve cells in the Atlantic cod (Gadbus morhua) and
has the antibody has successfully labelled nerve fibres in several other fish species including
zebrafish (Danio rerio), Atlantic cod (G. morbua) and rainbow trout (Oncorbynchus mykiss) (Rutberg,
et al. 1995, Johnsson, et al. 2001, Holmberg, et al. 2003). In preparations from all fish species in
papers I and II, the morphological patterns of the AcT labelling indicate that nerve fibres are
marked. However, the binding of the AcT antibody depends on the level of acetylation of
tubulin, which is a dynamic process. Therefore it can not be certain that all nerves are detected
with this antibody (Takemura, et al. 1992).

The AcT antibody did not stain M. norvegica neurons and could therefore not be used as a
neuronal marker in this species, even though it has been used in studies of other crustacean and
insect nervous systems and successfully labels nerve fibres in the developing nervous system of
the caridean shrimp (Palaemonetas argentinus) and the horse shoe crab (Limulus polybemus), as well as
mature nerve fibres in the brain of adult crickets (Grillus bimaculatus) (Harzsch, et al. 1997,
Harzsch, et al. 1999, Mittman and Scholtz 2003, Mashaly, et al. 2008). A neuronal marker
developed for fruit fly (Drosophila melanogaster 22C10, Developmental Studies Hybridoma Bank,
IA, USA) was also unsuccessful in labelling nerves in M. norvegica.

An antibody raised against synapsin (Drosophila anti-synapsin, antiSYNORF1, 3C11,
Developmental Studies Hybridoma Bank), a protein binding vesicles to the cytoskeleton in
synaptic parts of the neuron, did successfully label structures inside and outside M. norvegica
photophores (fig. 5). This antibody has recently become widely used on crustacean nervous
systems. It labels developing nervous systems in brine shrimp and crayfish (Artemia salina, Cherax
destructor and Marmorcrebs) and synaptic-dense areas in the adult stomatogastric ganglion of crab,
crayfish and lobster (Cancer pagurus, Homarus americanus and Cherax  destructor) (Skiebe and
Ganeshina 2000, Vilpoux, et al. 2006). However, a marker for axons in krill is still lacking.

NOS' antibodies NOS sequences are not known for the specific species used in this study.
Therefore, sequence analyses were performed to compare the antigen amino acid sequences of
the NOS antibodies used, with known NOS sequences of as closely related species as possible,
giving a theoretical indication of the ability of the antibodies to detect NOS in the fish and krill
species used. The antibody nNOSsc1025 showed the strongest NOS-like immunoreactivity in
fish samples and also proved to have the largest sequence identity, among the antibodies used,
between the original antigen and a section of fish nNOS (84%, Oryzias lanipes and 79% Danio rerio,
accession numbers AB163430 and NM_131660, respectively) (papers I and II).

For krill, the uNOS PA1039 antigen had the best compatibility with another crustacean
NOS (100%, Geocarcinus lateralis, accession number AY552549), and the antibody gave good
labelling. Furthermore, a similar labelling was received with the antibody nNOS B220, which also
showed considerable alignment between its antigen and the crustacean NOS (paper I1I).

The antibodies uNOS PA1039, nNOS 31030 and nNOS B220 (for details see paper I,
page 2953) were tested on Amphiura filiformis preparations (previously unpublished data).

Actin and myosin detection To confirm the muscular nature of M. norvegica sphincter structures (see

paper 1V) attempts were made to detect actin and myosin filaments in these structures. This was
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done using antibodies against actin and myosin and a probe for filamentous actin (Rhodamin
phalloidin, see paper IV, page 6 for a table of actin and myosin antibodies and probes).
Rhodamin phalloidin is a peptide toxin, isolated from the mushroom Amanita phalloides (Wieland
1986), binding specifically to filamentous actin in many species e.g. lobster (Homarus americanus)
(Wilkens, et al. 2008).

Different antibodies raised against myosin heavy and light chains in smooth and skeletal
muscle were used in attempts to confirm the muscular nature of the sphincter structures in krill
photophores. Only the antibody M4270, raised against myosin in fast skeletal muscle from rabbit,
showed weak staining in tail muscle from M. norvegica used as control, and none detected myosin
inside the light organs. M4276 is the only antibody in the test which has been previously reported

to label myosin in a crustacean species (Procambarus clarcii, LaFramboise, et al. 2000).

Secondary antibodies The secondary antibodies used were commercially available, conjugated to
cither biotin or a fluorophore. For visualization of biotin-conjugated antibodies, subsequent
binding with an avidin-peroxidase complex was used, producing a brown precipitate when the
substrate was added. Naturally fluorescent material inside photocytes or, occasionally, other cell
types in photophores is common. This is useful for detecting the photocytes in the fluorescence
microscope, but limits the use of flourophore colours that can be used. Blue fluorescing material
was found inside photocytes from A. hemigymnus, P. notatus, V. attennata and M. muelleri while
filter/lens cells from 1. attennata fluoresced in pink and red/orange fluorescence was detected in
the photophores from C. braueri. Fluorescent structures were lacking in M. norvegica photophores,
while luminous tissue from the sea-pen P. phosphorea was brightly fluorescing in green, indicating
the presence of a green fluorescent protein (GFP, described in the introduction) in these

photocytes.

Pharmacology

Experimental setup

Pharmacological experiments were carried out to investigate the effect of different bioactive
compounds (putative transmitters or other signalling molecules) on the light production of the
photophores of A. hemigymnus (paper 1), P. notatus (fig. 6), M. norvegica (papers 111 and IV), the
echinoderm _Amphinra filiformis and cnidarian sea-pens (previously unpublished data). The
experiments were performed on live animals, tissue preparations or isolated photocytes. A
Berthold FB12 luminometer, measuring light with wavelengths between 370 and 630 nm and
calibrated with a standard light source (470 nm, Betalight, SRB technologies, Winston-Salem, NC,
USA) was used to record the light reaction in all experiments. The studied species emit light with
peaks of emission at wavelengths between 470 and 500 nm (Widder, et al. 1983). A neutral
density filter was positioned between the luminescent object and the detector when light

responses exceeded the detection limit for the luminometer detector.

Fish The ventral photophores from _A. hemigymnus were dissected from the fish as described in

paper I and the tissue piece divided in two halves, containing anterior and posterior
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photophores, respectively. The preparations were placed in a holder containing saline for deep-
sea fish (Hanks solution, paper I). The holder was placed in the luminometer, with photophores
facing the detector, and test substances were added to the saline. Anterior and posterior
photophores showed identical reactions to the concentration of adrenaline used (0.1 mM) and
one part was used as control and the other for treatment (paper I). These photophore
preparations are viable for at least 13 h, indicated by a stable oxygen consumption (Mallefet and
Baguet 1985), but to avoid any possible effects due to origin of preparation and time after
dissection, the preparations were used alternatingly as control and treatment.

P. notataus were anesthetized in quinaldine (3.7% in seawater for 1 min), and skin strips
containing 4-6 photophores were dissected out. Separate photophores were freed from
surrounding tissue and placed in a holder with the photophores facing the detector of the

luminometer. Application of test substances were made as described above.

Meganyctiphanes norvegica Live M. norvegica were used, as isolated photophores from krill do not
respond reliably to known bioluminescence stimuli (Herring and Locket 1978, personal
observations). Different set-ups and experimental protocols were used in papers 11 and IV.

In paper III the specimens were freely swimming in a test tube containing 10 ml of
seawater. The animals were “standing” in the test tube and could swim a small distance (ca 1 cm)
up from the detector of the luminometer. Prior to the experiments, the specimens were exposed
to 1h of daylight in order to standardize the pre-experimental light exposure of each specimen.
Krill show “light-induced light reaction” (Mauchline 1960, Kay 1965, paper I1I) and this reaction
was allowed inside the luminometer before the animals were taken out and injected with test
substance in the abdominal muscle.

The protocol described above was improved in paper IV. 1h light exposure was omitted
from the protocol and all experiments and handling of krill were performed in red light, which
the krill can not detect (Widder and Frank 2001). This was done in order to avoid the light
induced light reaction and to avoid exposing the specimens to more “unnatural” light than
necessary. The test tube was changed for a small, aerated glass aquarium, fitting into the
luminometer. A metal holder was glued to the dorsal side of the cephalothorax of the krill and
then attached to the aquarium and directed in such a way that the ventrally positioned
photophores were facing the detector of the luminometer. The animals were still able to move
the photophores, but this way they were fixed at the same distance from the detector throughout
the experiment and the chances of the photophores pointing towards the detector were
essentially improved, compared to the “standing” position in the test tube in paper III. In paper
IV, test substances were added to the water around the krill (not injected as in paper III), hence
the specimens were not further disturbed after attaching them in the aquarium.

Different kinetics of the 5-HT stimulated light reaction was received when injecting the
substance compared to dissolving it in the water. When 5-HT is injected the luminescence
reaction is finished after 20-30 min (paper III), while when dissolved in the water luminescence
slowly reaches a steady level and does not fade for hours (paper 1V). The concentration of drug
reaching the receptor is not known, but is likely to be higher when the test substance is injected.
However, the exposure time is probably longer when the substance is dissolved in the water. For

instance, in paper III, 5 pyl of 1 mM 5-HT was injected, resulting in a theoretical maximal
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concentration of 0.03 mM in the haemolymph, while in paper IV the drug in the water had the
concentration of 0.01 mM, and has to penetrate the body surface, gills or exoskeleton. In both
instances, a fraction of 5-HT will be broken down while circulated in the haemolymph, before
reaching the receptors in the photophores. However, both methods gave a robust and repeatable

response to 5-HT.

Chnidaria Pharmacological experiments were performed on photocytes 7 situ in tissue preparations
from four species of cnidarian sea-pens, or on aliquots of isolated photocytes from two different
species. Sea-pens are soft, feather-shaped, octocorallian colonies inhabited by polyps with
different specialisations. Large so called autozooids are feeding polyps, while small siphonozooids
keep the water tension and circulation in the colony (Anctil, et al. 1984a). Both autozooids and
siphonozooids have tissue compartments containing photocytes. The location of the autozooid
photocytes is shown in fig. 3)

The protocol for experiments with cnidarian tissue was changed several times since many
preparations did not show reliable responses to KCl, which was used as positive control
substance (Case and Morin 1966, De Bremacker, et al. 1996). The general protocol is described
here, with the limits for the variations in concentrations and times that were tested. Individual
autozooids, containing luminescent tissue, was dissected from anaesthetized sea-pen colonies.
Magnesium chloride (3.5%) or propylen phenoxitol (0.03-0.05%) was used as anaesthesia and the
exposure times were 15-60 min, depending on the sensitivity of the specific specimens to the
anaesthetics. The preparations were then rinsed in clean, aerated seawater for 0.5 h-24 h prior to
the experiments, placed in separate test tubes containing a small volume of seawater, and inserted
into the luminometer. Test substances were injected in the tube to dilute in the ambient medium.
Moreover, whole sea-pen colonies were immersed in test substances and the luminescence
responses viewed with the dark adapted naked eye.

Separate photocytes from the species 7. ¢momorium and P. rubra were isolated from
autozooid tissue using a protocol developed for echinoderm tissue, slightly modified (De
Bremaeker, et al. 2000). Finely cut autozooids were digested in pronase (0.5% in artificial
seawater) for 30 min (30 °C), and after sedimentation and centrifugation the fraction containing
cells was added to a percoll solution (63% in artificial seawater, 1050 mM osmolarity) and
separated with ultracentrifugation (30 min, 19000 rpm). The fraction containing photocytes was

retrieved, further separated and subsequently kept in artificial seawater.

Drugs

The concentrations of drugs used in the different studies are based on other published studies on
fish and invertebrates, when available. When possible, the test substances were dissolved in saline

or seawater. When ethanol or dimethyl sulfoxide were used as a solvent, the concentration used

never had an effect on the luminescence responses.
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NO donors

The NO donors sodium nitroprusside (SNP), S-nitroso-N-acetylpencillamine (SNAP) and
hydroxylamine were used to examine the effect of NO on the adrenaline stimulated light
response of A. hemigymnus (paper 1) and the noradrenalin stimulated response of P. notatus
(previously unpublished data). SNP and SNAP were also used to investigate the involvement of
NO in the control of M. norvegica luminescence (paper III). SNP and SNAP both release NO in
solution (Ioannidis, et al. 1996, Ohta, et al. 1997), as opposed to hydroxylamine that is broken
down intracellularly by catalase to yield NO (Ohta, et al. 1997). Hydroxylamine had a stronger
effect on A. hemigymnus and P. notatus stimulated luminescence compared to SNP and SNAP.
Possibly the localized release of NO, received with the intracellular breakdown of hydroxylamine,
could contribute to a higher concentration of NO in the target cell and hence have a larger effect
on the luminescence than SNP and SNAP.

NOS inhibitors

To block endogenous production of NO, various NOS inhibitors can be used. In paper I, the
NOS inhibitor L-thiocitrulline was used on isolated light organs from hatchetfish and L-NAME
was used on midshipman fish photophores as well as on live M. norvegica. L-thiocitrulline and L-
NAME are S- and N-substituted analogues of L-arginine, respectively (Granik and Grigorév
2002). They both inhibit all NOS isoforms, but L-thiocitrulline is more efficient in inhibiting
iINOS compared to the eNOS and nNOS isoforms in mammalian tissue (Joly, et al. 1995), while
L-NAME shows moderate selectivity for eNOS and nNOS (Alderton, et al. 2001).

Muscle-effecting drugs

To study the putative muscle character and the involvement of sphincter structures in control of
krill luminescence, different drugs affecting muscle contraction and relaxation were used in paper
III. Substances with different actions were chosen in order to ensure that the effects observed
were derived from muscular contractions or relaxations and not from possible effects on other
cell types involved in light production.

Two muscle-relaxing drugs, verapamil and papaverine, and two muscle-contracting drugs,
thapsigargin and Bay K8544 were used. Both relaxing substances had a stimulatory effect, on the
M. norvegica luminescence, even though they have partly different physiological mechanisms.
Verapamil inhibits contraction in muscle cells through inhibition of L-type calcium channels in
muscle cell membranes (Nwoga, et al. 1996), while papaverine can have several mechanisms of
action, which are more or less prominent depending on type of tissue. The effects include muscle
relaxation through elevation of cAMP levels by blocking phosphodiesterase that normally
metabolizes cAMP, inhibition of mitochondrial respiration and blockade of calcium channels
(possibly by an indirect effect of cAMP increase) (du Moulin and Schulz 1975, Kaneda, et al.
1998). Papaverine has primarily been used on mammalian smooth muscle, but has effects on
cAMP-levels in crustacean neurons (Araki, et al. 2005).

Both muscle-contracting drugs elevate the calcium concentration in the muscle cell
cytoplasm, with different mechanisms. Thapsigargin very specifically inhibits calcium-ATPases
from restoring endoplasmatic and sarcoplasmatic calcium stores, thus over time emptying these

stores, elevating the calcium concentration in the cytosol and creating contraction of the muscle
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cell (Treiman, et al. 1998, Wallace, et al. 1999). Bay K8544 also elevates the calcium concentration
in muscle cell cytoplasm, although this is achieved through stimulation of L-type calcium
channels in the plasma membrane, a separate mechanism from thapsigargin (Monterrubio, et al.
2000, Erxleben and Hermann 2001). Neither of the muscle-contracting drugs stimulated the M.
norvegica luminescence, but they had separate effects on the 5-HT stimulated light production
(paper 1V). Thapsigargin had a quenching effect on the luminescence, in concert with a
contraction of the muscular sphincters in the krill photophores, while Bay K8544 surprisingly
potentiated the 5-HT stimulated luminescence (paper IV). More experiments are needed to

evaluate the causes of these diverging responses.

Data analysis

Different parameters were used to characterize the luminescence response in the pharmacological
studies. For the A. hemigymnus (paper 1) three parameters were used to characterize the light
emission. The light maximum in quanta per second (L., q/s), time to light maximum in seconds
(TL,.. s) and time to half extinction of the light response also expressed in seconds (TL,,,).
Similar parameters, except TL, ,, were used in P. notatus and sea-pens. Due to the double phased
light response of P.notatus one L, and one TL,, was decided for each response (L. o Ll fases
L and L,

for effects of the treatments on the luminescence from this fish.

and TL_ . ..), moreover the ratio between L was used when searching

‘max slow ‘max fast ‘max slow

Recordings from M. norvegica luminescence did not describe a smooth curve, due to
photophores movements during the measurements. Therefore the parameters described above
were difficult to determine and not applied. A new set of parameters were used in paper III and
IV. In paper III, the primary luminescence data were accumulated over time and the curve
received was fitted to a Gompertz growth curve (paper 111, page 3182). From the curve, the total
light emitted during the experimental petiod (L, q/s), the maximal rate of light production
(RLP,,., q/s°) and the time from experimental start to RLP, . (time to inflection point, T, s)
were calculated and used in the analysis (paper III, page 3182). As described above, dissolving
test substances in the ambient water gave a different kinetics of the light response from injecting
the substances. The Gomperzt growth curve did not fit the data obtained in paper IV and
therefore an L, (q/s) was used, calculated as an average of the light response at the maximal

level during 10 min. The kinetic parameters T, and TL,_, were also used. However, especially

start

TL,,. is a rather rough measurement due to the fluctuating primary light curve and it is given in

minutes rather than seconds as in A. hemigymmnus and P. notatus.
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RESULTS AND DISCUSSION

The studies in this thesis were conducted to investigate the control mechanisms for
bioluminescence in different species with endogenous photocytes. The most important results
from papers I-IV are summarized and discussed here, together with some results from

previously unpublished studies. For further details, the reader is referred to the individual papers.

Morphology of photophores

The photophore morphology of the investigated species has been described in detail (papers I-
IV), and in some instances this adds new observations to already described species. These new
observations are summarized below. Notably, photophores from the krill M. norvegica and all fish

species in the study were found to be innervated.

Variation in the morphology of fish photophores

The photophores of . attenuata and C. braueri are described with figures for the first time (paper
II). Schematic pictures of these organs were constructed from light microscopy observations and
literature descriptions (Bassot 1966, Herring and Locket 1978). The photophores of the two
species have a similar external appearance: small, black and bead shaped. However, they belong
to different classes of photophores, according to the classification of Bassot 1966, based on the
arrangement and type of photocytes. . attennata has intracellular luminescence whereas C. braueri
photocytes secrete components for the luminous reaction to channels between the photocytes.
These products are collected in a common duct, possibly where the luminescence reaction occurs
(Bassot 1966, Herring and Locket 1978, paper II). This was also the most intensely innervated
area in C. braueri photophores (paper II). Nerve fibres were also detected among the photocytes
in . attenuata, but most fibres were present among the outer lens/filter cells, which has not been
described before in the literature (paper II). The outer lens/filter was encircled by a collar
structure very similar to a structure with light guiding properties found in krill, the laminar ring
(Herring and Locket 1978, paper 1I).

The observations of the photophore morphology in the other fish species studied (A.
hemigymnus, P. notatus, M. muelleri and the lanternfish E. risso, H. benoiti and M. punctatum) agrees
with eatlier observations of light organs from the same, or closely related, species. The
luminescence of these fish species is probably intracellular since they lack channels or ducts for
luminous products, secreted by the light-producing cells (Bassot 1966, O "Day 1972, paper II). A.
hemigymnus and M. mmelleri have a similar photophore structure, with the photocytes gathered in a
common chamber with several openings for the exit of light (Bassot 1966, Cavallaro, et al. 2004),
while the lanternfish species have shallow, cup-shaped, photophores with flattened photocytes
connected as a syncytium (O 'Day 1972, Anctil and Case 1977). P. notatus have deeper cup-shaped
photophores with the photocytes positioned in the dorsal part of the organ. The most prominent
structure of the P. notatus photophores is a large cone-shaped lens (Nicol 1957, Mallefet and
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Anctil 1992b). In conclusion, the morphology of fish photophores is very different among
species in general and in the specific species presented here, even though all organs described

above probably are used for the same purpose, counter-illumination.

Krill photophores contain capillary sphincters

The morphological observations, using electron microscopy, on M. norvegica photophores in
paper IV are compatible with observations in two other krill species Euphaucia pacifica and
Euphancia gibboides (Harvey 1977, Herring and Locket 1978), indicating that the general structure
of krill photophores is similar between species. The light-producing cells are positioned in the
centre of the light organ, forming a striated structure called the lantern. The lantern functions as a
sinus, into which oxygenated haemolymph entering the photophore is drained 7 numerous
capillaries (Herring and Locket 1978, paper IV). The opening of each capillary is guarded by a
cell type containing filamentous material (sphincter cell).

The general structure of the sphincter cells has been described in previous publications
(Petersson 1968, Harvey 1977, Herring and Locket 1978), but in paper IV these cells were
studied in detail by using electron microscopy and histochemistry in M. norvegica. The filamentous
material consists of thick and thin muscular filaments arranged in blocks oriented along or
around the capillary as a sphincter structure. Both capillary epithelium and sphincter structures
contain filamentous actin, labelled with the actin probe rhodamin phalloidin. The sphincter
structures are seen as thickenings at the outflow of the capillaries, indicating a concentration of
filamentous actin, probably identical to the thin filaments observed with electron microscopy
(paper 1V). (For an even more detailed description of M. norvegica photophores and schematic
pictures, see paper I1I and IV). The light-producing cells are not innervated (paper IV). Instead,
varicose nerve fibres, containing 5-HT, follow the capillaries and reach the sphincter cells, as
shown with antibodies against 5-HT (paper IV). Varicose nerve fibres are normally an indication
of terminals with transmitter release. This was recently further confirmed by synapsin
immunohistochemistry (fig. 5) which labelled nerves along the capillaries, showing the presence
of nerve terminals along the whole length of the capillaries throughout the photophore, not only
at the sphincter structures. In double labelled preparations 100% coexistence was found between
5-HT and synapsin immunoreactivity. The 5-HT and synapsin-labelled fibres possibly affect the
endothelial cells of the capillaries or an adjacent cell type (A-cells, paper 111, page 3180), so far
believed to have a supportive function (Herring and Locket 1978, Skiebe and Ganeshina 2000).
Innervation of sphincter cells and whole capillaries suggested that these structures might be
regulated to control the haemolymph flow, and hence the oxygen supply, to the light-producing
cells. Several scientists have speculated that oxygen might be the single stimulus for luminescence
in krill (Petersson 1968, Harvey 1977, Herring and Locket 1978).
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Fig. 5 Detail from Meganyctiphanes norvegica photophore. (a) Numerous capillaries (c) containing
filamentous actin (rthodamin phalloidin, red), ramify in the photophores and end with sphincter structures
(sp) at the lantern (la, light-producing structure) in the centre of the organ. (b) Varicose nerves (synapsin,
green), (c) containing 5-HT (blue), follow the capillaries and reach the sphincter structures. Bars are 25um

Nitric oxide mechanisms

Histochemical and/or pharmacological indications for the involvement of NO in the control of
bioluminescence were obtained in surprisingly many of the species included in this thesis (table 1,
page 33). However, the results suggest several different mechanisms rather than a common role
for NO in the investigated species, also multiple functions within photophores of the same

species.

INOS-like proteins are contained in photophores from several species

Presence of NOS-like proteins, shown with immunohistochemistry, indicates a capacity for NO
production in the photophores of krill and all the mesopelagic fish species studied. NOS-like
immunoreactivity appeared in several different structures, e.g. photocytes, nerves and lens/filter
cells, within the same photophore in lanternfish species, .A. hemigymnus, M. muelleri and 17.
attennata, suggesting multiple roles for NO within the same light organ.

The lantern fish photocytes as well as nerves reaching the photocytes contains NOS-like
protein, a prerequisite for an involvement of NO on the luminescence reaction. In A. bemigynnus
and M. mueller: the NOS-like substance is present in nerves or in structures, which could possibly
be nerves or vessels (M. muelleri), among the photocytes, but also inside the lens or filter cells,
implicating a possible role for NO both in the production and modulation of light. Modulations
of light characteristics by NO, rather than a direct effect on the luminescence reaction, is also
suggested by the location of NOS-like immunoreactivity in nerves among lens or filter cells, and
in the cells building the collar structure (mentioned above) in /. affennata photophores. A
putative way of modulating the light emitted by the photocytes would be to change the light
absorbing or diffracting properties of the lens or filter cells. Since NO is known to induce
melanogenesis in human skin cells (Cals-Grierson and Ormerod 2004), it is tempting to suggest
that NO could regulate the production of light absorbing pigment in the lens or filter cells by a
similar mechanism.

In C. brauneri and M. norvegica photophores, NOS-like immunoreactivity is associated to a
single type of tissue structure, epithelial cells of the collecting duct for luminous products in C.

braneri, and capillary epithelium and sphincter cells in M. norvegica. The epithelial cells in C. brauer:
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are in close association to the photocytes and NO produced there has a good theoretical chance
of reaching the photocytes, as it can spread tens of millimetres from the source (Edelman and
Gally 1992). NO interferes with the exocytosis machinery in some systems and could possibly
directly affect excretion of luminous products from C. braueri photocytes (Lowenstein 2007), but
may as well have other functions. The presence of NOS-like immunoreactivity in capillary
epithelium and sphincter cells in M. norvegica photophores implies a possible role for NO in
controlling the supply of oxygen transported to the lantern with the haemolymph (further
discussed below).

NOS-like immunoreactivity could not be detected in photophores from P. notatus (paper
II) and luminescent tissue of an echinoderm, the brittlestar _A. filiformis (J. Kronstrom, C.
Vanderlinden and J. Mallefet, previously unpublished data). This could indicate that NOS is
lacking in the luminescent system of these species, or that the tested antibodies did not fit a
putative P. notatus or A. filiformis NOS. The intense staining of photocytes from P. notatus, using
the NADPHA technique (paper II), could suggest a presence of a NOS protein in these cells but
could possibly attributed to from some other NADPHd enzymes present in the photoytes. In
mammals, different NADPH dehydrogenases, NADPH ferrihaemoprotein reductase, NADPH
cytochrome ¢, and NAD(P)" transhydrogenase are all enzymes which can reduce NADPH and
produce staining with the NADPHd technique (Blotter, et al. 1995).

NOS has been detected with immunohistochemistry in the nervous system of the
echinoderm starfish Marthasterias glacialis, using antibodies against mammalian nNOS (Martinez, et
al. 1994) and two different NOS isoforms have been sequenced in the sea urchin Arbacia
punctulata (Cox, et al. 2001). This indicates a high probability for the existence of a brittlestar
NOS, although this was not detected with the antibodies used in this study. On the other hand,
the lack of effect with the NO donor SNAP on the luminescence of the brittlestars Ophiopsila
aranea and Opbigpsila californica, and of SNAP and the NOS inhibitor L-NAME on .A. filsformis
luminescence, suggests that NO is not involved in the control of light production in this species
(Dewael and Mallefet 2002, personal observations).

From the results of the histochemical studies it can be concluded that NOS-like material is
present in several, closely and distantly related, species but is probably not commonly present in
all luminescent systems. Clearly, histochemical studies are not enough to elucidate the effects and
significance of NO in control of bioluminescence, and functional studies are needed for this
purpose. Therefore, in this thesis, pharmacological experiments investigating the effect of NO
donors and NOS inhibitors on light production have been performed on isolated photophores

trom A. hemigymnus and P. notatus, live M. norvegica and A. filiformis arm segments.

NO has various physiological effects on luminescence reactions

NO modulates the luminescence reaction stimulated with adrenaline (A. hewigymnus, paper 1),
noradrenaline (P. notatus, fig. 6) or 5-HT (M. norvegica, paper 1II), but had no effect per se, in
contrast to the mechanism in fireflies where NO stimulates light production (Trimmer, et al.
2001). The effects of NO donors on the adrenaline (A. hemigymnus) or 5-HT (M. norvegica)
stimulated luminescence are mainly inhibitory, although a small portion of the A. hemigymmnus
samples instead, for unknown reasons, are potentiated by NO donors. The level of inhibition is

correlated to the ability of the separate photophores to respond to adrenaline, strongly
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responding organs are more inhibited by NO donors than weakly responding ones (paper I, page
2956). In concert with the inhibitory effect of the NO donors, the NOS inhibitors L-
thiocitrulline and L-NAME potentiated the stimulated light reactions in .A. hemigymnus and M.
norvegica, respectively, again apart from some A. hemigymnus samples that showed the opposite
reaction.

The different levels of response to NO donors and inhibitors between A. henigymmnus
individuals are reflected in the density of NOS-like immunoreactive nerve fibres observed among
the photocytes in the light organs from separate individuals, using immunohistochemistry (paper
I). Experiments show that all NOS isoforms, not only iNOS, can be induced (Alderton, et al.
2001) and NOS expression in .A. hemigymnus could possibly be regulated to meet the current need
for NO in the photophores, regardless of the NOS isoform present. Furthermore, a large
potentiating effect on the luminescence from photophores weakly responding to adrenaline, of
the NOS inhibitor L-thiocitrulline, may indicate an inhibitory NO tonus in these preparations.
An NO tonus is, for instance, present in vessels and intestine of fish and mammalians (Daniel, et
al. 1994, Karila and Holmgren 1995, Mustafa, et al. 1997, Agnisola 2005).

Similarly to the dual effects of NO on A. hemigymnus light production, NO appears to
potentiate the first phase of the P. nofatus noradrenaline stimulated light response, but inhibit the
/L

hydroxylamine than with noradrenaline alone. In concert, this ratio was significantly lowered by

second phase. This is illustrated by a higher L,

‘max fast

max slow 1At10 101 the presence of the NO donor
L-NAME, mainly due to an inhibitory effect on the fast response. A possible explanation for this
is an NO stimulated increased release of noradrenaline from nerve terminals among the
photocytes, which has been shown in intestinal tissue from mammals (Yamamoto, et al. 1994,
Sotirov and Papasova 2000). An increased release of noradrenaline would primarily stimulate o-
receptors on the photocytes, believed to be responsible for the fast light response (Christophe
and Baguet 1983, Christophe and Baguet 1985).

Fig. 6 Effects of the NO-donor hydroxylamine (OH-

3.07 * amine, 0.1 mM) and the NOS-inhibitor L-NAME (0.1
£ 251 mM) on the ratio between the peak of the fast and slow
v light response from P. notatus, compared to the

_Ié 2.0 noradrenaline (NA, 0.1 mM) control. Statistical method
— 1.5 was ANOVA with log-transformed values and Tukey’s
g post-hoc test. * indicates statistical significant difference
é 01 | between treatment and control (p<0.05). Error bars show
— 0.57 * standard error and number of replicates were: nNa=12,
0.0 . : l_l_| . NoHamine=9 and npname=6. Previously unpublished data

NA  OH-amine L-NAME (. Krénstrém, C. Vanderlinden and J. Mallefet)
+NA +NA

Effects of NO on luminescence are independent of c<GMP

Like the distribution of NOS-like immunoreactivity in the photophores, the effects of NO on the
luminescence differ between the investigated species. What appears to be common though, is the
independence of a cGMP effector pathway for NO in the photophores. Pharmacological
experiments with A. hewigymnus (paper 1) and M. norvegica (paper 111) did not reveal effects of
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either the cGMP analogues (8BrcGMP and dibutyryl cGMP) or the guanyl cyclase inhibitor
ODQ on the adrenaline (A. hemigymnus) or the 5-HT (M. norvegica) stimulated light reactions (apart
from a lower RPL,_ . in the cGMP+5-HT treatment compared to 5-HT controls). This is in
contrast to the stimulation of cGMP production by NO found in many species in other signalling
pathways and there are both functional and morphological evidence in the literature for such
cGMP pathways in fish and crustaceans (Abebe, et al. 1995, Zhan, et al. 1999, Scholz 2001,
Aonuma 2002). However, other effector pathways for NO have also been described, including
modulation of potassium- and calcium-channels via a direct effect on the ion-channels in skeletal
muscle cells from the isopod Idothea baltica, (Erxleben and Hermann 2001, Hermann and
Erxleben 2001) and blockade of mitochondrial respiration by direct binding of NO to elements
in the electron transport chain, for example in mammalian muscle cells and nerve terminals
(Brown 1995).

Putative effects of NO on photophore respiration and oxygen availability

The stimulatory effect of NO on luminescence in firefly (Photuris spp. and Photinus spp.) is
mediated via blockade of mitochondrial respiration, leaving oxygen free to take part in the
luminescence reaction (Timmins, et al. 2001b, Trimmer, et al. 2001). A similar blockade of
photocyte respiration is a feasible mechanism for NO action in both A. hemigymnus and P. notatus.
In isolated photophores from P. notatus, light production is induced when mitochondrial
respiration is blocked with KCN (Mallefet and Baguet 1984). The relationship between light
production and cellular respiration is not as clear in 4. hemigymnus photophores. However, oxygen
consumption is changing during luminescence, suggesting a connection between light production
and cellular respiration in this species, though probably with a different reaction mechanism than
that of P. notatus photophores (Mallefet and Baguet 1985).

NO inhibits the light production in M. norvegica, which is in contrast to the situation in
firefly (Trimmer, et al. 2001). This agrees with the different morphological arrangements of
NOS-containing structures in the two species. In fireflies, NO is released directly to the
photocytes, while in M. norvegica the location of NOS-like material around capillaries and
sphincter cells (described above) suggests that NO could be involved in the control of the flow
of oxygenated haemolymph to the lantern (Greenfield 2001, Trimmer, et al. 2001) (paper III). In
mammals NO is a vasodilatory substance (Bredt and Snyder 1994), but a putative vasodilatory
function is not compatible with the inhibition of the light response caused by NO. According to
earlier hypotheses, a dilation of capillaries and/or sphincter structures would allow more
oxygenated haemolymph to enter the lantern and instead induce light emission (Petersson 1968,
Harvey 1977, Herring and Locket 1978). On the contrary, it is feasible that a contraction of the
filamentous material in the sphincter structure could be stimulated by an NO mediated opening
of calcium channels in the membrane of the sphincter cells. An increased inward calcium current,
caused by NO, has been shown in muscle cells from the crustacean Idothea Baltica (Exrxleben and
Hermann 2001). Contraction of the sphincter cells, and consequently a decreased flow of
oxygenated haemolymph to the lantern, is in concert with the observed quenched luminescence
at exposure to NO donors (paper I1I).

Moreover, NO could possibly be released to the haemolymph, transported to the lantern

and have a direct effect on the photocytes, for example a hyperpolarization of these cells, making
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them less reactive to other stimuli (Hermann and Erxleben 2001). It is feasible that NO is
transported to the lantern bound to haemocyanin, since this crustacean blood pigment functions
as an NO scavenger. In addition, a replacement of oxygen for NO in the haemocyanin molecule
would result in less oxygen to the light-producing cells and hence less light production, regardless
of the volume of haemolymph passing through the lantern (Jacklet and Koh 2001).

The pharmacological studies confirm the histochemical observations, that NO is involved
in the control of diverse luminescence systems, ranging from krill to several fish species,
possessing fundamentally different types of photophores. However, the effects of NO are not
compatible between species. This agrees with the different evolutionary origin of the

luminescence systems (Herring 1987).

Connections between muscle relaxation, flow of haemolymph and Iuminescence in krill

Morphological observations thus suggest that muscular sphincter structures are central in the
control of luminescence in krill (paper IV, Herring and Locket 1978). In order to study the
functional role of these structures, the effects of muscle relaxing and contracting drugs on the
luminescence response were investigated (paper IV).

Stimulation of the light response by the muscle relaxing drugs, verapamil and papaverine,
indicates that increased access to oxygen, through relaxation of the sphincter structures and
increased flow of haemolymph, could be a single stimulus for luminescence in these
photophores, as speculated by eatlier investigators (above). In concert, the muscle contracting
drug thapsigargin partly quenched the luminescence reaction stimulated with 5-HT.

The dense 5-HT innervation reaching the sphincter cells (paper III and fig. 5), which
contain contractile elements (paper 1V, page 9 and 10), suggests that 5-HT might be the
substance relaxing the sphincter structures. Different effects of 5-HT on crustacean musculature,
for example increasing heart rate and contraction force of the stomatopod, Squilla oratoria, but
also relaxing arterial valves in the lobster Panilurus japonicus have been shown (Kuramoto and
Ebara 1984, Beltz and Kravitz 1986, Ando and Kuwasawa 2004). Moreover, it is possible that the
whole capillaries are capable of relaxing and contracting, since labelling for filamentous actin was
present in the capillary walls throughout the capillaries inside the photophores (fig. 5). In lobster
(Homarus americanus) some vessels have recently been shown to possess contractile properties and
contain the contractile elements actin, myosin and tropomyosin, even though they are lacking
organised muscle filaments in the vessel wall (Wilkens, et al. 2008). The importance of the
capillaries in M. norvegica photophores is further supported by the labelling of synapsin (fig. 5),
indicating synaptic formations, in the nerves along the whole capillaries in the photophores.

5-HT has a potentiating effect on the light response when combined with each of the
relaxing drugs. The mechanisms behind this are unclear, but it could possibly indicate that 5-HT
has other, or additional, effects on the luminescence system than the postulated relaxing effects
on the sphincter structures. For example 5-HT could stimulate the release of a second, so far
unidentified, transmitter. This effect of 5-HT has been shown in the crayfish neuromuscular
junction (Eynart 1981). Even so, it is difficult to picture the mechanisms behind the strongly

potentiating effect of 5-HT on the papaverine and verapamile responses. It may be speculated
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that the muscle relaxing drugs and 5-HT act in synergy during signal transduction. The relaxing
effect of papaverine is mediated partly by inhibition of cAMP breakdown (du Moulin and Schulz
1975, Kaneda, et al. 1998) and 5-HT may also contribute to an increase in intracellular cAMP
levels, which has been demonstrated for example in neurons in the crayfish, Procambarus clarkii,
tail (Araki, et al. 2005), and in the neuromuscular junction of the crayfish, Orconectes virilis (Eynart
1981). A relaxing effect from a possible 5-HT stimulated cAMP increase could be enhanced by
both papaverine and verapamil through blocking the influx of calcium in muscle cells (Nwoga, et
al. 1996, Kaneda, et al. 1998).

The results from the studies of the involvement of the sphincter structures in control of
light production in M. norvegica (paper IV), combined with the results from the investigation of
the effects of NO on the same system (paper III) highlights the complexity of this control

system in which several components, including oxygen, may be involved.

Adrenaline has inconstant effects on sea-pen luminescence

Within the echinoderm group, even closely related species can have different chemical coding of
the nervous control of the luminescence reaction (Dewael and Mallefet 2002, Vanderlinden and
Mallefet 2004). In order to find out whether a similar situation exists in cnidarians, attempts were
made to study several cnidarian sea-pen species (P. phosphorea (Gullmar fjord), P. rubra, P. spinosum
and 1. gmomorium (Mediterranean)) for comparisons with previous studies in the sea-pen R.
koellikers.

In Renilla spp., adrenaline, but not noradrenaline, stimulated luminescence in whole
colonies and in isolated auto- and siphonozooids, probably via [ -like adrenoceptors (Anctil and
Boulay 1982, Awad and Anctil 1993). However, in our previously unpublished studies (J.
Krénstrom, C. Vanderlinden and J. Mallefet) inconclusive results were obtained with adrenergic
drugs. Preparations from a few individuals of P. phosphorea responded with clear trains of short
light flashes to both adrenaline and noradrenaline (0.001 and 0.1 mM), while others were
unresponsive to catecholamine stimulation or possibly showed weak responses with varied
kinetics. A few preparations from the Mediterranean species P. spinosum and V. cynomorium were
also weakly responsive to adrenaline and noradrenaline (0.01 uM-0.01 mM). They showed several
types of responses, ranging from trains of flashes to single, occasional, flashes or longer feeble
glows. This instability in responses to adrenergic drugs was also observed in isolated photocytes
trom P. rubra and 1. cynomorinm.

Since our preparations were only occasionally stimulated with adrenaline or noradrenaline,
it is possible that they for some reason were unstable. When all attempts to obtain stable
preparations, through changes in the experimental protocol, failed we could not move on to
investigate the NO system in sea-pens. However, experiments with R. &oellikeri indicate that NO

is not involved in the control of luminescence in this sea-pen species (Anctil, et al. 2005).

29



SUMMARY AND CONCLUSIONS

The studies included in this thesis introduce the signalling substance NO, earlier only investigated
in fireflies, as a modulator of luminescence in several bioluminescent systems. Moreover, they
contribute to the detailed description of photophore morphology, mainly of the krill M. norvegica
photophores but also in several fish species, and to the understanding of the role of capillary
sphincters in control of M. norvegica luminescence.

The studied photophores from fish and krill were all found to be innervated and 5-HT,
which stimulates luminescence in krill, was shown for the first time in nerve structures inside M.
norvegica photophores . The distribution of 5-HT-containing nerves inside these photophores,
suggests that control of luminescence might be mediated through an action on sphincter
structures and/or capillaries. Evidence presented in this thesis indicate that these structures have
contractile properties which are of importance for luminescence control, presumably through
changes in haemolymph flow and oxygen supply to the photocytes. Contractility may not be a
common feature of crustacean vessels, but it is not unknown. Moreover, NOS is present in the
area of sphincter structures and capillaries, suggesting that NO also takes part in this control.
This is supported by a quenching effect of NO-donors, and a potentiating effect of an NOS
inhibitor, on the 5-HT stimulated luminescence in M. norvegica.

The involvement of NO in luminescence control could be rather widespread since
evidence for NOS-like proteins was found in photophores from several fish species, belonging to
five different fish families, and in a crustacean. Photophores used for different purposes, like
signalling as the lantern fish caudal photophores and possibly the photophores of M. norvegica and
counter-illumination as the _A. Jhewmigymnus photophores, all contain NOS-like material.
Interestingly, the distribution of NOS-like substance varies between photophores from different
species and similarly, the effects of NO differ between the various luminous systems. The effects
are mainly quenching in M. norvegica and A. hemigymnus, potentiating on a part of the P. notatus
light response and directly stimulating on the previously studied firefly. The signalling pathway
for NO is still unknown for the marine species, but as in fireflies, the NO effects are not
mediated via cGMP, which is the most commonly reported second messenger for NO.

In future studies, detailed studies of the mechanisms of action for NO in bioluminescent
systems could reveal unknown NO signalling pathways. In order to understand the commonality
of NO in luminescence control, the effects of NO on luminescence in even more species from
different animal groups, need to be studied. Furthermore, the basic knowledge of photophore
morphology and innervation is still poor in many species and thorough investigations of the
internal organization of photophores are important, also for the understanding of the function.
The krill photophores are well described, and here the next step towards understanding of the
control of light-production would be further investigations of the photophore capillary structures
on a cellular level, and possibly micromeasurements of hemolymph flow and oxygen contents in

different situations.
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In conclusion, the studies included in this thesis adds knowledge of even more variety in the
wonderful world of bioluminescence that already has large variation on several levels, ecological,

morphological and last but not least functional.
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Phyla Class Order Family Species S];I%EL mol(ilglgtors phoioRpil?ores Luciferine Light behaviour
Cnidaria Anthozoa Pennatulacea Pennatulidae  Pennatula phosphorea A/NA? coelent.? avert pred.?
Pennatula rubra A/NA? coelent.? avert pred.?
Pteroides spinosum A/NA? coelent.? avert pred.?
Veritillium cynomorium A/NA? coelent.? avert pred.?
Renilla Koellikeri* A coelent avert pred.?
Echinodermata Ophiuroidea Ophiurida Amphiuridae  Amphiura filiformis Ach (A) NOS- coelent. avert pred.?
Arthropoda Insecta Coleoptera Lampyridae Photuris spp.* NO (Oct) NOS+ Firefly-lucif. com.
Malacostraca Euphauciacea Euphausidae Meganyctiphanes norvegica 5-HT NO- 5-HT+, NOS+ | Krill-lucif. counter-ill./com.?
Chordata  Actinopterygii Stomiiformes  Sternoptychidae Argyropelecus hemigymnus A (NA) NO-(+) NOS+ coelent.? counter-ill.
Maurolicus mulleri A NOS+ coelent.? counter-ill.
Phosichthyidae Vinciguerria attenuata NOS+ coelent.? counter-ill.
Gonostomatidaec  Cyclothone braueri NOS+ coelent.? counter-ill.
Myctophiformes Myctophidae Electrona risso NOS+ coelent.? counter-ill./com.
Hygophum benoiti NOS+ coelent.? counter-ill./com.
Myctophum punctatum NOS+ coelent.? counter-ill./com.
Batrachoidiformes ~ Batrachoididae Porichthys notatus NA (A) I:\SI _CI){:;:’) 5_/;;; NII\\IS,S_ Cypridina-lucif. | counter-ill./com.?

Table 1 Systematic relationship, physiological characteristics of luminescence control, luciferins and luminescence behaviour of the studied species. For comparison
a few species (indicated with *) and pieces of data from other studies are included. Abbreviations are adrenaline (A), noradrenaline (NA), acetylcholine (Ach), nitric
oxide (NO), octopamine (Oct), 5-hydroxytryptamine (5-HT), immunoreactivity (IR), nitric oxide synthase (NOS), coelenterazine (coelent.), luciferin (lucif.),
predator (pred.), communication (com.), counter-illumination (counter-ill.). Substances or effects within brackets are secondary to or weaker than the ones without
brackets. + indicates positive immunoreactivity against a specific substance, while - means that the substance could not be detected with so far used antibodies.
References: papers 1-V, previously unpublished results (J. Kronstrom, C. Vandetlinden and . Mallefet), Mauchline 1960, Crane 1965, Barnes and Case 1974, Baguet
1975, Baguet and Marechal 1977, Anctil and Boulay 1982, Christophe and Baguet 1983, Christophe and Baguet 1985, Mallefet and Anctil 1992b, Harper and Case
1999, Widder 1999, Herring 2000b, Trimmer, et al. 2001, Dewael and Mallefet 2002, Dupont, et al. 2004, Shimomura 2006
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