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The velvet belly lantern shark (Etmopterus spinax) is a common
deep-sea shark that has been used, in the recent years, as a
model for experimental studies on physiological control of
shark luminescence. These studies demonstrated that, unlike
any other luminous organism, the luminescence of this shark
was under a dual control of hormones and neurotransmitters
(or neuromodulators). This paper, by making a short review of
histological and pharmacological results from these studies,
aims to propose a first model of luminescence control in E.
spinax.

The velvet belly lantern shark (Etmopterus spinax) is a com-
mon deep-sea shark that possess the amazing capability to emit
a visible light from thousands of tiny epidermal photogenic
organs called photophores, which are made of a cluster of pho-
togenic cells called photocytes sheated in a pigmented layer and
topped by pigmented and lens cells (Fig. 1A).! The organization
of these organs as well as the physical characteristics of their
light emission strongly suggest that they are involved in varied
behaviors including antipredatory response*”
communication.*®

To be ecologically successful, however, this bioluminescence
needs to be properly controlled. In the past four years several
experimental studies investigated the control of luminescence
emitted by the photophores of E. spinax.®'® They ended up on the
amazing conclusion that these photogenic structures were actu-
ally controlled by two different types of substances: hormones®*
and neurotransmitters (or neuromodulators),”!® contrary to all
other intrinsically luminous organisms (i.e., organisms that pro-
duced light without the help of bacterial symbionts) known to
date, in which the physiological control was exclusively nervous
(Fig. 1A). The present review aimed to synthesize the different
pharmacological and histological results found to date in order
to propose a first model of the photophore luminescence control
in E. spinax.
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Resting State

Recent pharmacological and immunohistochemical investiga-
tions demonstrated that an inhibitory GABA tonus exists in
the photophores, which prevents undesired light emission from
these photogenic organs by provoking pigment dispersion in pig-
mented cells recovering the photocytes (Fig. 1B, part 1)."° It was
indeed suggested that photocytes are permanently stimulated
by low levels of circulatory excitatory hormones, i.e., MT and
PRL, hence would induce an undesired permanent glow from the
shark’s body without the presence of this inhibitory mechanism.

In addition, the same study shows the effects of this neu-
rotransmitter to be mediated by the receptor GABA,, since
application of the GABA, antagonist bicuculline, suppress-
ing partially the effect of the inhibitory GABA tonus, pro-
voked a weak light emission from the photophores (Table 1).1°
Interestingly, in the luminous worm Chaetopterus variopedatus,
GABA also has a GABA ,-mediated inhibitory effect on lumi-
nescence, while it demonstrates a GABA -mediated stimula-
tory action on the luminescence of the brittle star Ophionereis
Jasciata '

Luminescence Switch On

The light switch on in E. spinax photophores is induced by two
hormones, which are also involved in elasmobranch physiologi-
cal control of color change: (1) the MT, which is produced by
the pineal gland and (2) the PRL, which is produced by the pars
distalis of the pituitary gland (Fig. 1B, part 2).” The light kinet-
ics of these two hormones are, however, different: M T induces
a slowly increasing long lasting (up to several hours) glow while
PRL induces a quicker glow, which generally reaches a peak after
20 min and ends up within 1 h.” It has been suggested that this
differential light course reflects a differential use of these hor-
mones: MT would be especially involved in counterillumination,
i.e., light production by an animal to obliterate its silhouette
from below, while PRL would be involved in more periodic
behaviors such as cohesive swimming/hunting and/or sexual
communication.®’

Although no immunohistochemistry has been performed
to highlight the exact position of their receptors, it has been
suggested that MT and PRL have the same targets in the pho-
tophores, although using different intracellular pathways:
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(1) Resting state

Figure 1. Model of photophore luminescence control in the shark Etmopterus spinax. (A) Luminescence control pathways present in a photophore
(transversal section). Colored arrows indicate the targets of the different substances involved in the control of E. spinax’s photogenesis. Symbols in
color circles indicate the effect of these substances on luminescence: +, activatory; -, inhibitory; +, modulatory. (B) Different luminescence states in a
group of photophores (transversal section): (1) resting state—photocytes are weekly stimulated to glow by low levels of circulating hormones (MT and
PRL; red arrows) while GABA (green arrows) prevent light to be emitted outside the photophores by provoking pigment expansion in the pigmented
cells topping the photocytes; (2) luminescence switch on—high levels of circulating hormones (MT and PRL; red arrows) stimulate the photocytes to
glow and provoke pigment retraction in pigmented cells topping the photocytes, counterbalancing the effect of GABA; (3) luminescence modula-
tion—NO (blue arrows) modulate the effects of stimulatory hormones, probably by acting directly on the photocytes; (4) luminescence switch off—a-
MSH (mauve arrows) inhibits the hormonally induced light, probably by acting on the pigmented cells topping the photocytes. a-MSH, a-melanocyte
stimulating hormone; bs, blood sinus; CT, connective tissue; E, epidermis; GABA, y-amino butyric acid; |, lens cell; MT, melatonin; NO, nitric oxide; p,
pigmented cell; ph, photocyte; PL, pigmented layer; PRL, prolactin; ps, pigmented sheath.

(1) the photocytes that they stimulate to glow and (2) the over-
lying pigmented cells in which they provoke pigment disper-
sion.*"” Since both MT,/MT), antagonist luzindole and MT,
antagonist 4P-PDOT inhibit MT-induced luminescence, this
hormone probably acts through MT), receptor, which appears
to be negatively coupled to cyclic AMP (Table 1).” PRL, on
its side, probably acts through a “shark PRLR (PRL receptor)”
although this has not been tested, due to the current absence of
shark PRLR antagonist in the distribution. Intracellular effects
of PRL appears to be mediated by the JAK2 since lumines-
cence induced by PRL is strongly inhibited by a JAK2 inhibitor
(Table 1).7
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Luminescence Modulation

Nitric oxide (NO) has been recently demonstrated to consist
in an additional control mechanism, probably responsible of
the differential sensitivity to hormones in adult inviduals of
E. spinax, according to the sex of the shark or to the part of
the luminous pattern tested.®® Although NO does not have
any effect per se on the photophore luminescence of the shark
E. spinax, this versatile substance fastens the luminous response
to MT and decreases the amplitude of PRL-induced lumines-
cence probably by acting at the level of the photocytes since
numerous NO synthases have been found in these photogenic
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Table 1. Intrinsic pathways of substances involved in the luminescence
control of Etmopterus spinax

Subst.ance Receptor* e Reference
(action) messenger
MT (+) MT, cAMPy 7
PRL (+) (PRLR) JAK2 7
a-MSH (-) (mC) nt 7
GABA (-) GABA, nt 10
NO (&) / cGMP1 9

*Receptor types placed into brackets have not been experimentally
detected but are the most probable candidates following the literature.
+, activatory effect; -, inhibitory effect; + modulatory effect. i, decrease;
1, increase. a-MSH, a-melanocyte stimulating hormone; cAMP, cyclic
adenosine monophosphate; cGMP, cyclic guanosine monophosphate;
GABA, y-aminobutyric acid; JAK, janus kinase; MT, melatonin; NO, nitric
oxide; PRL, prolactin. nt, not tested.

cells (Fig. 1B, part 3). The effect of NO on PRL-induced
luminescence are similar to those observed by NO on adren-
alin-induced luminescence of the teleost Argyropelecus hemigy-
mnus, where it is supposed to allow precise adjustments of light
intensity for a convenient counterillumination." It is likely that
NO also functions as a fine tuner of E. spinax luminescence in
counterilluminating behavior, but probably also in intraspecific
functions.’

NO is a freely diffusible substance which can exert its actions
either through the production of GMPc or via the inhibition of
mitochondrial respiration in the target cell. In E. spinax photo-
phores, effects of NO on hormonally induced luminescence are
probably mediated by ¢cGMP, since this substance mimicks the
effects of NO in these photogenic organs (Table 1).? Interestingly,
only the cGMP-independent pathway was found in other lumi-
nous organisms using NO in control of their bioluminescence
ie., A. hemigymnus, the krill Meganyctiphanes norvegica and the

Luminescence Switch Off

The luminescence switch off in E. spinax photophores is induced
by the a-melanocyte stimulating hormone (a-MSH), a hor-
mone also involved in the elasmobranch skin coloration control
(Fig. 1B, part 4).”" Although this has never been experimen-
tally demonstrated, it is likely that a-MSH switches off the light
by provoking pigment dispersion in pigmented cells topping the
photocytes, similarly to its action on melanophores which pro-
voke skin darkening, probably through a fixation to MC, recep-
tor (Table 1).7

In addition, one cannot exclude GABA to be produced on
demand to allow a quicker switch off the light from the photo-
phores of this shark, but this remains to be tested."

Conclusions

The luminescence control mechanism of E. spinax is complex,
involving different substances acting on different targets, and
therefore allows a precise tuning of the light emission that cer-
tainly reflects the ecological importance of this latest in the life
of this shark. Interestingly, it involves physiological pathways
that are not found elsewhere in other luminous organisms, which
illustrates the diversity of the luminescence phenomenon and its
numerous independant appearances during the course of evo-
lution.’ Finally, it also gives clues to evolutionnary pathway of
this capability in sharks, suggesting that the photophore control
mechanism of these fishes originally evolved from its physiologi-
cal control of color change, which involves the same hormones.
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