ResearchGate

See discussions, stats, and author profiles for this publication at:

Cytological changes during luminescence
production in lanternshark (Etmopterus spinax
Linnaeus, 1758) photophores

Article /1 Zoomorphology - August 2014

DOI: 10.1007/s00435-014-0235-6

CITATIONS
4

4 authors:

L B
'gf? Université Catholique de Louvain

T PUBLICATIONS 12 CITATIONS

SEE PROFILE

o 30 PUBLICATIONS 244 CITATIONS

SEE PROFILE

READS

% Université de Mons

42 PUBLICATIONS 47 CITATIONS

SEE PROFILE

i Université Catholique de Louvain

159 PUBLICATIONS 808 CITATIONS

SEE PROFILE

Some of the authors of this publication are also working on these related projects:

Project Bioluminescence of the brittle star Amphiura filiformis (Echinodermata)

peject  Biodiversity of the shipwrecks on the Belgian Continental Shelf

All content following this page was uploaded by

on 14 August 2014.

The user has requested enhancement of the downloaded file.


https://www.researchgate.net/publication/264461615_Cytological_changes_during_luminescence_production_in_lanternshark_Etmopterus_spinax_Linnaeus_1758_photophores?enrichId=rgreq-db0b612efc7317f655312c60971025a9-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ2MTYxNTtBUzoxMzAxOTIyNzgyOTg2MjRAMTQwODA1MTY2NjI3Ng%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/264461615_Cytological_changes_during_luminescence_production_in_lanternshark_Etmopterus_spinax_Linnaeus_1758_photophores?enrichId=rgreq-db0b612efc7317f655312c60971025a9-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ2MTYxNTtBUzoxMzAxOTIyNzgyOTg2MjRAMTQwODA1MTY2NjI3Ng%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Bioluminescence-of-the-brittle-star-Amphiura-filiformis-Echinodermata?enrichId=rgreq-db0b612efc7317f655312c60971025a9-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ2MTYxNTtBUzoxMzAxOTIyNzgyOTg2MjRAMTQwODA1MTY2NjI3Ng%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Biodiversity-of-the-shipwrecks-on-the-Belgian-Continental-Shelf?enrichId=rgreq-db0b612efc7317f655312c60971025a9-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ2MTYxNTtBUzoxMzAxOTIyNzgyOTg2MjRAMTQwODA1MTY2NjI3Ng%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-db0b612efc7317f655312c60971025a9-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ2MTYxNTtBUzoxMzAxOTIyNzgyOTg2MjRAMTQwODA1MTY2NjI3Ng%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Marie_Renwart?enrichId=rgreq-db0b612efc7317f655312c60971025a9-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ2MTYxNTtBUzoxMzAxOTIyNzgyOTg2MjRAMTQwODA1MTY2NjI3Ng%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Marie_Renwart?enrichId=rgreq-db0b612efc7317f655312c60971025a9-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ2MTYxNTtBUzoxMzAxOTIyNzgyOTg2MjRAMTQwODA1MTY2NjI3Ng%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Universite_Catholique_de_Louvain?enrichId=rgreq-db0b612efc7317f655312c60971025a9-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ2MTYxNTtBUzoxMzAxOTIyNzgyOTg2MjRAMTQwODA1MTY2NjI3Ng%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Marie_Renwart?enrichId=rgreq-db0b612efc7317f655312c60971025a9-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ2MTYxNTtBUzoxMzAxOTIyNzgyOTg2MjRAMTQwODA1MTY2NjI3Ng%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Jerome_Delroisse?enrichId=rgreq-db0b612efc7317f655312c60971025a9-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ2MTYxNTtBUzoxMzAxOTIyNzgyOTg2MjRAMTQwODA1MTY2NjI3Ng%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Jerome_Delroisse?enrichId=rgreq-db0b612efc7317f655312c60971025a9-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ2MTYxNTtBUzoxMzAxOTIyNzgyOTg2MjRAMTQwODA1MTY2NjI3Ng%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Universite_de_Mons?enrichId=rgreq-db0b612efc7317f655312c60971025a9-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ2MTYxNTtBUzoxMzAxOTIyNzgyOTg2MjRAMTQwODA1MTY2NjI3Ng%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Jerome_Delroisse?enrichId=rgreq-db0b612efc7317f655312c60971025a9-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ2MTYxNTtBUzoxMzAxOTIyNzgyOTg2MjRAMTQwODA1MTY2NjI3Ng%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Julien_Claes?enrichId=rgreq-db0b612efc7317f655312c60971025a9-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ2MTYxNTtBUzoxMzAxOTIyNzgyOTg2MjRAMTQwODA1MTY2NjI3Ng%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Julien_Claes?enrichId=rgreq-db0b612efc7317f655312c60971025a9-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ2MTYxNTtBUzoxMzAxOTIyNzgyOTg2MjRAMTQwODA1MTY2NjI3Ng%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Julien_Claes?enrichId=rgreq-db0b612efc7317f655312c60971025a9-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ2MTYxNTtBUzoxMzAxOTIyNzgyOTg2MjRAMTQwODA1MTY2NjI3Ng%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Jerome_Mallefet?enrichId=rgreq-db0b612efc7317f655312c60971025a9-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ2MTYxNTtBUzoxMzAxOTIyNzgyOTg2MjRAMTQwODA1MTY2NjI3Ng%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Jerome_Mallefet?enrichId=rgreq-db0b612efc7317f655312c60971025a9-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ2MTYxNTtBUzoxMzAxOTIyNzgyOTg2MjRAMTQwODA1MTY2NjI3Ng%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Universite_Catholique_de_Louvain?enrichId=rgreq-db0b612efc7317f655312c60971025a9-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ2MTYxNTtBUzoxMzAxOTIyNzgyOTg2MjRAMTQwODA1MTY2NjI3Ng%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Jerome_Mallefet?enrichId=rgreq-db0b612efc7317f655312c60971025a9-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ2MTYxNTtBUzoxMzAxOTIyNzgyOTg2MjRAMTQwODA1MTY2NjI3Ng%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Julien_Claes?enrichId=rgreq-db0b612efc7317f655312c60971025a9-XXX&enrichSource=Y292ZXJQYWdlOzI2NDQ2MTYxNTtBUzoxMzAxOTIyNzgyOTg2MjRAMTQwODA1MTY2NjI3Ng%3D%3D&el=1_x_10&_esc=publicationCoverPdf

Cytological changes during luminescence
production in lanternshark (Etmopterus
spinax Linnaeus, 1758) photophores

Marie Renwart, Jérome Delroisse,
Patrick Flammang, Julien M. Claes &
Jérome Mallefet

Zoomorphology

Evolutionary, Comparative and .
Functional Morphology
Zoomorphology

Evolutionary, Comparative and
Functional Morphology .

ISSN 0720-213X

Zoomorphology
DOI 10.1007/s00435-014-0235-6

@ Springer



Your article is protected by copyright and

all rights are held exclusively by Springer-
Verlag Berlin Heidelberg. This e-offprint is
for personal use only and shall not be self-
archived in electronic repositories. If you wish
to self-archive your article, please use the
accepted manuscript version for posting on
your own website. You may further deposit
the accepted manuscript version in any
repository, provided it is only made publicly
available 12 months after official publication
or later and provided acknowledgement is
given to the original source of publication
and a link is inserted to the published article
on Springer's website. The link must be
accompanied by the following text: "The final
publication is available at link.springer.com”.

@ Springer



Zoomorphology
DOI 10.1007/s00435-014-0235-6

ORIGINAL PAPER

Cytological changes during luminescence production
in lanternshark (Etmopterus spinax Linnaeus, 1758) photophores

Marie Renwart + Jérome Delroisse *
Patrick Flammang - Julien M. Claes *
Jérome Mallefet

Received: 13 May 2014 /Revised: 30 June 2014/ Accepted: 3 July 2014

© Springer-Verlag Berlin Heidelberg 2014

Abstract Studying an organism’s photogenic structures
at the ultrastructural level is a key step in the understanding
of its light-emission process. Recently, the photophore
ultrastructure of the deep-sea lanternshark Etmopterus
spinax Linnaeus, 1758 was described. The photocytes
appeared to be divided into three areas including an apical
granular area, which contains inclusions and was hypoth-
esized to be the light-producing reaction site. In this study,
we investigated the morphological changes occurring
within the granular area during the bioluminescent emis-
sions induced by two hormones: prolactin and melatonin.
Prolactin provoked the formation of new structures in the
granular area, the “grey particles”, whose number was
proportional to the amount of light produced by the reac-
tion. An increase in the number of granular inclusions was
also detected at the end of the prolactin-induced light
emission. Conversely, melatonin induced a decrease in the
number of granular inclusions and an increase in their
diameter. An effect of hormones was also observed on the
iris-like structure where they triggered pigment retraction
and hence an increase in the iris aperture diameter. This is
consistent with previous findings and is shown for the first
time at the cellular level. The possible role of grey particles
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in E. spinax light-emission mechanism is discussed, while
granular inclusion is considered to be E. spinax’s intra-
cellular luminescence site. Regarding typical shark long-
lasting glows, a new term (“glowon”) is proposed to
characterize this novel membrane-free microsource.

Keywords Chondrichthyes - Glowon - Melatonin -
Microsource - Photocyte - Prolactin

Introduction

Etmopterus spinax Linnaeus, 1758 is a small deep-sea
shark from the Etmopteridae family that displays biolu-
minescence on its ventral and lateral sides thanks to
thousands of tiny light-emitting organs (photophores)
(Claes and Mallefet 2008; Ebert et al. 2013). Etmopteridae
and Dalatiidae are the only shark families containing
known luminous members (Claes and Mallefet 2009a).
Until recently, bioluminescence of sharks was poorly
studied mainly due to their rarity and/or the relative inac-
cessibility of their deep-sea environment. In the past
6 years, E. spinax was used as a model species to study
shark bioluminescence, as this shark can be easily obtained
and maintained in captivity. Different aspects of shark
luminescence, such as its ecological function (Straube et al.
2010; Claes et al. 2010a, 2013, 2014) and physiological
control (Claes and Mallefet 2009b, 2010a, b; Claes et al.
2010b, 2011), are now better understood. Very recently, we
described the ultrastructure of E. spinax photophores
(Renwart et al. 2014), since it is a key step in the under-
standing of this shark’s bioluminescence process. The
photophores of E. spinax appear as cup-shaped organs
composed of a protective layer of pigments (the pigmented
sheath) and a reflector-like structure that encloses on

@ Springer
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average 13 light-emitting cells (the photocytes), topped
with different cell types including lens cells. Each photo-
cyte is divided into three regions: the nucleus area, the
vesicular area and the granular area. Because of its fluo-
rescence capability, the presence of numerous granular
inclusions as well as its particular orientation towards the
photophore centre (Renwart et al. 2014), the granular area
is believed to be the intracellular site of the luminous
reaction (i.e. where light is produced). In this study, we aim
to test this hypothesis by investigating the morphological
changes occurring within the granular area during the light-
emission process.

Materials and methods
Shark tissue collection

Specimens of E. spinax were collected by longlines in
Norway (Raunefjord—60°15.908N; 05°07.7780) during
two field missions, in November 2012 and March 2013.
Sharks were killed according to the local rules for experi-
mental fish care. Fresh ventral skin patches with photo-
phores were dissected and placed in a buffered shark saline
(Bernal et al. 2005) before the beginning of experiments.

Luminometry and electron microscopy

Skin patches were stimulated by two hormones (prolactin
and melatonin) and fixed in glutaraldehyde at different
stages of the light-emission process to be further observed
in transmission electron microscopy. Four skin patches
were dissected from each specimen and a total number of
six sharks were used. One skin patch from each specimen
was fixed before hormonal stimulation in a glutaraldehyde
solution (3 % glutaraldehyde, 0.1 M sodium cacodylate,
0.27 M sodium chloride; pH 7.8) and was used as a control
patch, the “fime 0” sample. The remaining three patches
were placed in chambers filled with 200 pl of hormone
solution, either prolactin (107 M prolactin in a buffered
shark saline; two patches) or melatonin (10_6 M melatonin
in the same buffered shark saline; a single patch). The
induced light was recorded during 1 h in a multiplate
luminometer (Orion, Berthold Detection System, Pforz-
heim, Germany) connected to a computer. Consistent with
previous findings (Claes and Mallefet 2009b), both hor-
mones showed different light-emission pattern: prolactin
induced a monophasic light curve that reached a peak after
~20 min and lasted a maximum of 60 min (Fig. 1); pro-
lactin-stimulated skin patches were glutaraldehyde-fixed at
the level of the peak (“PRL max”) and 1 h after the stim-
ulation start (“PRL 60’). The melatonin-induced light curve
reached a plateau after ~45 min and lasted over 60 min

@ Springer

(Fig. 1); melatonin-stimulated skin patch was glutaralde-
hyde-fixed after 1 h (“mt 60”).

Fixed skin patches were processed using the method
described in Renwart et al. (2014), in order to be observed
in a transmission electron microscope (Zeiss Leo 906E).
Briefly, skin patches were first decalcified (OsteoRAL R
fast decalcifier, RAL diagnostics), and then post-fixed in
osmium tetroxide (1 % osmium tetroxide, 0.1 M sodium
cacodylate, 0.27 M sodium chloride; pH 7.8—45 min).
Dehydrated patches were embedded in a Spurr’s resin
(10 g ERL 4206 resin, 6 g DER 736 resin, 26 g nonenyl
succinic anhydride, 0.4 g dimethylaminoethanol), and
sections of 90-110 nm were obtained using an ultrami-
crotome (Leica Ultracut UCT—Leica Microsystems) and
placed on copper grids. Sections were finally contrasted in
uranyl acetate [0.18 M uranyl acetate solution:ethanol
(2:1)—45 min] and lead citrate (0.08 M lead nitrate,
0.12 M sodium citrate, 0.16 M sodium hydroxide—4 min)
before observation.

Data analysis

Micrographs of hormonally stimulated photophores (time
0, prRL max, PRL 60 and mT 60) were analysed using Image J
v. 1.46 (National Institutes of Health, Bethesda, USA).
Particular attention was given to the morphological chan-
ges occurring within the granular area of the photocytes,
which may contain up to two distinct components, i.e. the
“granular inclusions” and the “grey particles”. Granular
inclusions were analysed using three morphological
parameters: the mean diameter, the density (per square
micrometre) and the coverage (i.e. the percentage of the
granular area surface occupied by granular inclusions). The
first two parameters were calculated using the watershed
followed by the particle analysis options of Image J. The
total surface area of inclusions, required for the third
parameter calculation, derived from the number of pixels
was represented on the micrograph and not from the par-
ticle analysis, in order to allow direct comparison with the
grey particles coverage. Indeed, only the coverage param-
eter was calculated for the grey particles, using the number
of pixels, since these particles are very small and aggregate
in a way that the watershed/particle analysis option cannot
discriminate them. Both structures (granular inclusions and
grey particles) have been analysed separately when present
on the same micrograph by adjusting the threshold in bi-
narized micrographs: a threshold of 80 was assumed to
separate the darker granular inclusions from the lighter
grey particles.

Statistical analyses were performed to investigate the
evolution of the three parameters during the light-emission
process. For each parameter, the two time points (i.e. time 0
and mr 60) of the melatonin-induced light curve and the
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Fig. 1 Prolactin (dashed line)
and melatonin (grey line)-
induced light curves with
associated time points

Light intensity

PRL max

-
Pl T

~\ MT 60

three time points (i.e. time 0, prL max and prL 60) of pro-
lactin-induced light curve were compared using Student’s
t tests. Normality and equality of variance were tested by
Shapiro—Wilk tests and Levene’s tests, respectively. When
one or both of these parametric assumptions could not be
met, the Student’s f tests were replaced by a Student’s
t tests on log-transformed data, a Welch’s ¢ tests or a
Wilcoxon tests, respectively. All analyses were performed
using the software JMP v. 11 (SAS Institute Inc., Cary,
USA) and considered to be significant at the 0.05 level.

Results
Prolactin stimulation

A total of 125 photocytes (time 0, N = 44; prRL max,
N = 41; pre 60, N = 40) from 32 photophores (time 0,
n = 13; pPRL max, n = 9; prL 60, n = 10) were used to
investigate the ultrastructural changes induced by prolactin
in E. spinax photogenic structures. Figure 2a shows three
pictures of the granular areas of representative photocytes
corresponding to the three analysed time points: at time 0,
only the granular inclusions previously observed by Ren-
wart et al. (2014) were visible. When the light emission
reached its maximum (at PRL max), another structure
appeared and was still present after 1 h, at prL 60. We
named it “grey particles”, since their lower density to the
electrons makes them appear lighter than granular
inclusions.

Both granular inclusions and grey particles were quan-
tified and compared between the three time points. The
coverage of the grey particles showed a highly significant
variation during the light-emission process (Fig. 2b). The
coverage of the granular inclusions increased at the end of

T T T
30 45 60
Time (min)

the light-emission process (Fig. 2¢) as a significant differ-
ence between prL 60 and PRL max was obtained. The mean
diameter of the inclusions did not change (Fig. 2d), but
their density was significantly higher at prz 60 (Fig. 2e).

Stimulated photocytes presented overall a homogeneous
distribution of both grey particles and granular inclusions
(Fig. 3a—c); on few occasions, however, granular inclu-
sions adopted a heterogeneous distribution, forming dense
aggregations (clusters) in the granular area (Fig. 3d, e).
Interestingly, most of these clustered inclusions were
observed at prL max. Moreover, it must be pointed out that
different stages sometimes cohabited in a same photo-
phore; indeed, a few photocytes at PRL max and PRL 60
stages did not show the grey particles (Fig. 3a). Finally,
endoplasmic reticulum was also observed surrounding
groups of granular inclusions in a few stimulated photo-
cytes (Fig. 3e, ).

Melatonin stimulation

A total of 92 photocytes (time 0, N = 44; mr 60, N = 48)
from 26 photophores (time 0, n = 13; M7 60, n = 13) were
used to investigate the ultrastructural changes induced by
melatonin in E. spinax photogenic structures. Contrary to
what was observed in prolactin-stimulated patches, mela-
tonin did not appear to induce the formation of grey par-
ticles, since no grey particle coverage difference was
observed either visually (Fig. 4a) or statistically (Fig. 4b)
between the two time points. Similarly, the analyses did not
reveal any significant difference between the two time
points for the granular inclusions coverage (Fig. 4c).
Inclusions were nevertheless found to have a significantly
larger diameter and a significantly lower density at M7 60
(Fig. 44, e).

@ Springer
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«Fig. 2 Prolactin-induced morphological changes in E. spinax photo-
cytes. a Granular area at the three time points. G/ granular inclusions,
GP grey particles. Scale bar 1 nm. Photocyte morphological param-
eters at the three time points. b Grey particles coverage. ¢ Granular
inclusions coverage. d Granular inclusions diameter. e Granular
inclusions density. Asterisks indicate statistically different means
(*P < 0.05; **P < 0.01)

Iris-like structure aperture

An action of hormones was also observed at another pho-
tophore level. At time 0, melanosomes were present inside
the photophore centre, forming the iris-like structure and
surrounding the photocytes and their overlying cells. In
stimulated photophores, pigments were removed from the
photophore centre to form clusters around it, as illustrated
in the Fig. 5 in a melatonin-stimulated patch.

Discussion

Morphological changes occurring in E. spinax photophore
have been studied at the ultrastructural level throughout
prolactin- and melatonin-induced light-emission processes.
Both hormones are known to produce different light pattern
(Claes and Mallefet 2009b). We found they also induced
different morphological variations, either inside the
photocytes or at the melanosomes level within the photo-
phore. This brings further evidence of their different but
complementary roles in the control of E. spinax lumines-
cence (Claes and Mallefet 2009b, 2010b).

The main action of prolactin occurs inside the photo-
cytes and primarily consists in the transitory formation of
grey particles, while these particles were never observed in
melatonin-stimulated photocytes. At time 0, the grey par-
ticle value only corresponds to the narrow edges of the
granular inclusions, which appear grey on the black and
white pictures (Fig. 2a), but no grey particles were
observed at that stage. Grey particle coverage displays a
monophasic development that follows the prolactin-
induced light curve, reaching a maximum value at the light
peak (at PrL max, Fig. 2b). This correlation clearly suggests
an involvement of the grey particles in the light-emission
process, although the exact nature of these particles, which
might represent more than one component with the same
electron density, cannot be attested in this study. Because
grey particles only appear in prolactin-stimulated photo-
cytes, they probably do not represent a constituent (reagent
or product) of the chemiluminescent reaction, although we
cannot completely rule out the grey particles to be a non-
recycled product accumulating in prolactin-stimulated
photocytes only. Very few luminous animals have been
found with two different intrinsic luminescences (e.g. the

Scyphozoan Periphylla periphylla Péron & Lesueur, 1810
and the teleost Malacosteus niger Ayres, 1848—Widder
et al. 1984; Shimomura and Flood 1998), and in these
cases, both luminescences were localized in different body
parts and might involve the same light-emitting reaction.
Occurrence of two light-emitting reactions in the same
animal, and even more so in the same photogenic cell (one
involving grey particles formation while the second do
not), is very unlikely (Shimomura 2006). Therefore, we
assume E. spinax photocytes to display one luminescence
system and the grey particles to represent a component of
the intracellular metabolic pathway, triggered by the
binding of prolactin to its receptor, which consequently do
not appear in melatonin-stimulated photocytes. Conversely,
we assume granular inclusions—which are already present
in the bioluminescence action site (i.e. the granular area)
before prolactin stimulation— to be aggregations of stored/
stabilized components (a substrate or a photoprotein, pos-
sibly combined with other molecular factors) waiting for a
proper stimulus (possibly related to grey particles) to start
the light-emitting reaction or increase the intensity of a
basal emission.

Interestingly, both hormones showed a clear modifica-
tion of the granular inclusions but acted on different
parameters, arguing for their different roles in E. spinax
light-emission process. Moreover, previous pharmacologi-
cal experiments have shown an additive effect of both
hormones on light intensity parameters (Claes and Mallefet
2009b), suggesting a close interaction at intracellular level
in the shark photophore. In prolactin-stimulated photo-
cytes, we found the granular inclusions to be more
numerous after the reaction has been completed, which is
also shown by their higher coverage at pre 60 (Fig. 2c, e).
This higher density might reflect a restocking of reagents or
an accumulation of products. In that context, non-activated
photocytes at prL max (i.e. showing no grey particles)
might actually be recycling the products or rebuilding the
reactive stock. This concept of a turnover of luminous
material has already been proposed for another biolumi-
nescent organism, the ophiuroid Amphipholis squamata
Delle Chiaje, 1828 (Deheyn et al. 2000). In melatonin-
stimulated photocytes, granular inclusions were found to
have a significantly higher diameter 60 min after stimula-
tion (at mr 60) concomitantly with a reduction in their
density. This seems to indicate an aggregation of granular
inclusions, since their coverage was shown to remain
constant. Because melatonin induces a slow luminescence
kinetics (Claes and Mallefet 2009b), effects of this hor-
mone on photocyte ultrastructure may require a longer time
to be clearly identified.

Variations in shape, number and size of cytoplasmic
components related to bioluminescent activity have been
demonstrated in various luminous organisms (Table 1). In
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Fig. 3 Granular area from prolactin-stimulated photocytes. a A
stimulated photocyte that does not show many grey particle.
b Homogeneous distribution of granular inclusions. ¢ Detailed view
of the grey particles and the granular inclusions. Clustered

the ophiuroid A. squamata, the photocyte cytoplasm is full
of vesicles that can be classified into six types (A—F). Only
the vesicular type A is present before the luminous

@ Springer

distribution of granular inclusions at low (d) and high (e) density.
f Higher magnification view of the endoplasmic reticulum (arrows)
present in (e). GI granular inclusions, GP grey particles. Scale bar
2 um

reaction, while type A, B and C are present during lumi-
nescence and mostly types D-F were seen after the reaction
has been completed. Vesicular type A was assumed to
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<«Fig. 4 Melatonin-induced photocyte morphological changes. a Gran-
ular area at the two time points. G/ granular inclusions. Scale bar
1 pm. Photocyte morphological parameters at the two time points.
b Grey particles coverage. ¢ Granular inclusions coverage. d Granular
inclusions diameter. e Granular inclusions density. Asterisks indicate
statistically different means (*P < 0.05)

contain one of the luminous component of the reaction, and
the sequence of appearance of the other types allowed the
authors to hypothesize the type C to be site of the luminous

reaction (i.e. the microsource), further transformed into the
type D at the end of the process (Deheyn et al. 2000). The
midshipman fish Porichthys notatus Girard, 1854 also has a
highly vesiculated cytoplasm subject to variations under
injection of noradrenaline, a luminescence-triggering neu-
rotransmitter in this species (Anctil 1979). Contrary to
what occurs in many luminous organisms, E. spinax light-
producing reaction does not take place in a membranous
compartment of the photocyte but inside a specific region
of the cytoplasm: the apical granular area. In this sense,

Fig. 5 Melatonin-induced pigment translocation. Whole structure
(a) and pigment distribution (b) of a non-stimulated photophore.
Whole structure (c¢) and pigment distribution (d) of a melatonin-
stimulated photophore. Note the striking difference in the morphology

@ Springer

of pigments, which adopt a clustered distribution in the iris-like
structure after melatonin stimulation. C capillary, ILS iris-like
structure, Ph photocyte, PS pigmented sheath, R reflector-like
structure. Scale bar 20 pm
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Table 1 Representative

' : ° Taxa/selected species Name Type Method
luminous species with
corresponding microsource Dinoflagellata
nalﬁf ,dtype and identification Lingulodinium polyedrum  Scintillons Cytoplasmic granular Microsources isolation,
metho J. D. Dodge, 1989 structures electron microscopy'
Cnidaria
Renilla reniformis Lumisomes Membranous organelles Microsources isolation,
Pallas. 1766 electron microscopy>
Annelida, Polychaeta
Acholoe squamosa Photosomes Membranous organelles  Histology, fluorescence and

Delle Chiaje, 1827

Arthropoda, Insecta
Photuris sp.

Mollusca, Cephalopoda

Watasenia scintillans

Photocyte vesicles

Rod-like crystals

bioluminescence
correlation®

Membranous organelles Histology, fluorescence and
bioluminescence

correlation®>

Microsources isolation,
electron microscopy6

Cytoplasmic crystals

Berry, 1911
Echinodermata
Amphipholis squamata Cytoplasmic Membranous organelles  Ultrastructural changes
Delle Chiaje, 1828 vesicles during luminous event’
Chordata, Osteichthyes
' DeSa et al. (1963): Porichthys notatus Phot(?cyte Membranous organelles Hls.tolog}./, fluorescence and
> . vesicles bioluminescence
Anderson and Cormier (1973); lation in 1 | stage®
3 Bassot and Bilbaut (1977); correfation i farval stage
4 Hanson et al. (1969); Girard, 1854 Ultrastructural changes
> Smalley et al. (1980); during luminous event’
: Hamanaka et al. (201 18); Chordata, Chondrichthyes
Dehe.yg et al: (2000);' Anctil Etmopterus spinax Glowons Cytoplasmic granular Histology, fluorescence and
%977)’ Anctil (1979); ) Linnaeus, 1758 structures bioluminescence
Claes and Mallefet (2008); correlation!®!!

1 Renwart et al. (2014)

granular inclusions would therefore be the shark’s micro-
sources, as already proposed (Renwart et al. 2014). Given
the particular hormone-dependent slow kinetics of shark
luminescence, we propose here the term “glowons” for
these particles, by analogy with the dinoflagellate’s
“scintillons”, which are among the few other microsources
lacking a surrounding membrane (Table 1).

In prolactin-stimulated photocytes, granular inclusions
display either a homogeneous sparse distribution (Fig. 3a—
c) or, in a few cases (mainly at prL max), a heterogeneous
distribution in which they form aggregations (clusters) of
variable size (Fig. 3d, e). Since each investigated photocyte
presented a unique combination of these two distribution
types, we were not able to demonstrate whether these
distinct morphologies represented chronological stages of
the light-emission process. However, since clustered dis-
tributions of granular inclusions are mainly found at PrRL
max, they might represent a key step of the light production
mechanism. The involvement of endoplasmic reticulum
(ER) in bioluminescent reactions has been proved in sev-
eral organisms, e.g. the brittle star A. squamata, whose ER

extends during light emission (Deheyn et al. 2000) and the
scale worms (Polynoidae) in which ER forms a complex
network building the microsources (the photosomes) and
bears the protein of the bioluminescent reaction (Bassot
and Nicolas 1987; Wilson and Hastings 1998). The ER
observed in some excited photocytes of E. spinax might
play a role in luminescence metabolism.

In addition to their action inside the granular area,
hormones rearrange the pigmentation of the iris-like
structure of photophores in order to mechanically control
the light reaching outside. Although this capability has
already been demonstrated (Claes and Mallefet 2010b),
our micrographs allowed showing this process at the
cellular level. After stimulation, melanosomes from the
iris-like structure retract their cytoplasmic projections
from the photophore centre, which allow more light to
pass through the lens and to be recorded from the
luminometer (note that light is recorded from the whole
skin patch—i.e. from numerous photophores—while
ultrastructural changes are studied at the photophore
level).
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In conclusion, this study aimed to improve our under-
standing of the light-emission process of the deep-sea shark
E. spinax thanks to a dynamic morphological approach. We
highlighted ultrastructural changes in the photocytes and in
the pigmented cells of the iris-like structure during hor-
monally induced light events. In particular, our results
support previous hypothesis following which granular
inclusions were the microsources of the lanternshark
photophores. A new term (“glowon”) has been proposed to
characterize this novel intracellular membrane-free particle
that produces a long-lasting glow under hormonal stimu-
lation. Further research should investigate the chemical
nature of E. spinax’s luminous system to elucidate its
intracellular distribution and dynamics, in relation to glo-
won morphological changes.
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