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A new insight into the
pigmentation of the three-spined
stickleback exposed to oxidative
stress: day and night study

Ewa Sokotowska*' and Ewa Kulczykowska'

Department of Genetics and Marine Biotechnology, Institute of Oceanology, Polish Academy of
Sciences, Sopot, Poland

The diverse and changing pigmentation of the skin allows fish to adapt to
environmental conditions for survival and communication with conspecifics.
However, various physical and chemical environmental factors, including
pollutants, affect fish coloration. Therefore, the implementation of an analysis of
skin pigmentation has been considered in fish well-being and ecotoxicological
studies. A physiological color change is achieved by the motility of melanin-
containing organelles: they aggregate into the perikaryon or disperse throughout
the cytoplasm of melanophores in response to various stimuli. In our study, we
addressed the issue of implementing the analysis of pigment dispersion in
melanophores in stickleback skin to assess the response of fish to oxidative stress.
We examined pigment dispersion in day and night skin samples collected from the
dorsal, lateral and ventral regions. The degree of pigment dispersion we assessed by
the melanophore index. The total number of melanophores counted in the defined
skin area was significantly higher in the night samples than in the day samples. Only in
day samples of dorsal skin we observed the significant changes in pigment dispersion
after exposure to stress: melanin was predominantly in the aggregated state. In the
night samples, we did not report any response to stress in any part of the skin.
Examination of pigment dispersion in melanophores in stickleback skin can be useful
for assessing the welfare of fish and detecting toxic agents in the environment, but
under specified conditions: in sticklebacks, it is analysis of dorsal skin during the day.

KEYWORDS

fish, melanin aggregation, melanophores, melanosomes, pigment dispersion,
Gasterosteus aculeatus, oxidative stress

Overall

The diverse and changing hues and patterns of the skin allow fish to adapt to
environmental conditions for survival and communication with conspecifics. It is
substantial for its camouflage, self-defense, courtship and mating, thermoregulation, and
protection from UV radiation (Kulkeaw et al., 2011; Skold et al., 2012, 2016; Niisslein-
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Volhard and Singh, 2017; Chauhan and Gretz, 2021; Vissio et al.,
2021). The coloration depends on pigment cells (chromatophores)
in the skin. It is well-established that various physical and chemical
environmental factors interfere with fish pigmentation (Fujii and
Oshima, 1994; Skold et al., 2012, 2016; Choi et al., 2020), and
growing evidence has shown that various environmental pollutants
can affect it (Allen et al., 2004; Kaur and Dua, 2012; Daiwile et al.,
2015; Hou et al., 2022). This information is crucial for the potential
implementation of an analysis of skin coloration in fish well-being
and ecotoxicological studies. For example, Kittilsen and colleagues
(2009) showed the association between melanin-based
pigmentation and individual stress responsiveness (stress coping
style) in salmonid fish. A good example are fish chromatophores
from Betta splendens applied as cytosensors for detecting
environmental toxins and bacterial pathogens by monitoring
changes in pigment distribution (Chaplen et al, 2002). In
addition, Channa punctatus chromatophores are considered as a
biomarker of arsenic exposure in aquatic ecosystems (Allen et al.,
2004). Dukovcic and collaborators (2010) reported that
Oncorhynchus tshawytscha melanophores can also be used as
environmental toxicity sensors for the detection of mercuric
chloride and sodium arsenite. Furthermore, the skin, which is
directly exposed to environmental stressors, is a site of the
synthesis of biologically active components involved in the stress
response (Kulczykowska, 2019). These components of the so-called
cutaneous stress response system may affect melanin dispersion in
melanophores (Kulczykowska et al., 2018; Gozdowska et al., 2022;
Pomianowski et al., 2023).

Now, a brief reminder: various types of chromatophores are
involved in the pigmentation of teleosts; among them are the most
universal black or brown melanophores primarily located in the
dermis, although they can also be observed in the epidermis (Fujii,
2000). Rapid and transient color change (physiological color
change) is achieved by the motility of pigment vesicles in cells.
The motile activities of melanophores rely on intracellular motor
proteins, namely tubulin, dynein, and kinesin (Skold et al., 2002).
Melanin-containing organelles (melanosomes) can aggregate into
the perikaryon or disperse throughout the cytoplasm of
melanophores in response to various stimuli and the
corresponding nervous and hormonal signals; some external
physical and chemical factors can also directly affect
melanophores. This subject has been discussed in several valuable
papers in detail (Fujii and Oshima, 1994; Fujii, 2000; Yamaguchi
and Hearing, 2009; Skold et al, 2012, 2016). In recent years,
complementary data on the physiological regulation of
pigmentation in fish have been increasing (Kobayashi et al., 2012;
Vissio et al., 2021; Wen et al., 2022).

Lately, we conducted an analysis of the dispersion of melanin in
melanophores after a short-term exposure of three-spined
stickleback to oxidative stress (Gozdowska et al., 2022). To evoke
oxidative stress, we have used a potassium dichromate solution
(K,Cr,0) well identified as an anthropogenic water pollutant that
induces oxidative stress in aquatic organisms, including fish (Velma
et al,, 2009; Ko et al., 2019). In that preliminary study, we collected
and examined pigment dispersion in night skin samples and
observed the responses of melanophores from different locations
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(dorsal, lateral, and ventral skin samples), but the pattern of changes
was not definite. However, these data hinted at the potential use of
pigment dispersion as a mark of oxidative stress in three-spined
stickleback (Gozdowska et al., 2022). Therefore, in the present
study, we have revisited the question of implementing the
analysis of pigment dispersion in melanophores to assess the
response to oxidative stress in this species. We aim to specify
under what conditions this is relevant.

Why the three-spined stickleback
and melanophores?

The three-spined stickleback is one of the most ubiquitous and
adaptable species widely distributed in coastal waters (fresh,
brackish, or salt) of the northern hemisphere. It is a well-
recognized species for monitoring the biological effects of
chemical contamination (Katsiadaki et al., 2012; Von Hippel
et al., 2016), and consequently is a model fish in many
ecotoxicological studies. Therefore, we have also selected this
species in our study. We have analysed a pigment dispersion in
melanophores because, among all chromatophores, the
melanophores exhibit the highest motile activities and
consequently play a leading role in the rapid color change in
many fish species, including sticklebacks. In this species, a rapid
pigmentation change can occur in minutes or hours. The
ornamental coloration of male sticklebacks during breeding is a
good example; the physiological regulation of this well-known
phenomenon has been thoroughly described by Franco-Belussi
et al. (2018).

Experimental conditions

Adult three-spined sticklebacks of both sexes (total length: 50
—-66 mm,; total weight: 1.206-2.485 g) were caught in the Gulf of
Gdansk (southern Baltic Sea) in October 2020, out of the breeding,
at an environmental water temperature of approximately 10°C and
a photoperiod of 12L:12D. After being transported to the Institute
of Oceanology PAS (Sopot, Poland), the fish were acclimatized in
40-L aerated aquaria under laboratory conditions corresponding to
those in the environment (10 + 2°C, 12L:12D, brackish water with a
salinity of 7ppt) for four weeks. Sticklebacks fed on frozen
chironomids once a day at 13:00; feeding was finished three days
before the experiment. Prior to experiment, the fish were randomly
assigned to two groups: the control (kept in water without K,Cr,0O5)
and the tested group (kept in water with K,Cr,0O;: 50 mg Cr/1 L for
6 hours). The concentration of chromium added to the water was
expressed as Cr®* ion in milligrams per liter of water. The fish were
kept at a temperature of 10 + 2 °C and 12L:12D photoperiod (light
phase: 6.00-18.00). The fish were sacrificed by decapitation after a
six-hour exposition. The daytime sampling started at 10:00, four
hours after turning on the light (n = 9, control fish = 5, K,Cr,0,-
treated fish = 4). Overnight sampling began at 22.00, four hours
after turning off the light (n = 18, control fish = 10, K,Cr,O5-treated
fish = 8). Overnight samples were collected under red light. Skin
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samples of 9 mm x 4 mm were taken from the left body flank from
the dorsal (above the midline), lateral and ventral body regions (in
total 3 samples from each fish). The samples were fixed in 4%
buffered formalin, mounted on Eukitt slides (Sigma-Aldrich, USA),
scanned with an Olympus BX60 light microscope (Olympus, Japan)
and photographed using transillumination with an Olympus XC10
digital camera (Olympus, Japan) coupled with the Olympus
microscope. The photographs were loaded into Image] 1.53e.
image analysis software. The number of melanophores of different
pigment dispersion degrees was counted on the area of 5 mm x 2
mm. The degree of pigment dispersion was assessed by the
melanophore index (MI) based on the scale given by Aspengren
et al. (2003), with modification: MI 1: melanophores with
completely aggregated melanin, MI 2: melanophores with
partially dispersed melanin, MI 3: melanophores with completely
dispersed melanin.

Statistical analysis of data was performed using Statistica 13.3
software. Values were presented as mean * standard error of the
mean (SEM). The differences in the number of three types of
melanophores in three regions of the body between day and night
in control (non-stressed) fish and fish exposed to oxidative stress
were examined with the Multifactorial ANOVA statistics followed
by Tukey’s HSD post hoc test for unequal number of fish. Statistical
significance was considered at P < 0.05.

Observations

We have examined the pigment dispersion in melanophores in day
and night skin samples collected from three different regions (dorsal,
lateral, and ventral) of the three-spined stickleback exposed to oxidative
stress. Interestingly, the total number of melanophores counted in the
defined skin area appears to be significantly higher in night samples
than in day samples (P < 0.05) (Figure 1). It is evident that the time of
day (or presence or absence of light), but not stress exposure, makes a
difference, because a total number does not change significantly after
stress exposure, either during the day or at night (Figure 1).

10.3389/fmars.2024.1401537

The question arises what is going on with melanophores? Do they
migrate between different skin layers during the day? They may be
exposed during the night in the external skin layer as they migrate to
this layer during the night; on the other hand, they may be hidden in
deeper layers during the day, so they are not visible. The phenomenon
of melanophores migration in the skin was addressed by Takahashi
and Kondo (2008), who suggested that melanophores possess the
migration ability in adult zebrafish. However, to the authors’
knowledge, there are no papers dealing with melanophores
migration between skin layers during the day/night. Generally,
melanophores density variation in the skin implies both
differentiation and apoptosis processes, but it is not possible that
changes in day/night could be related to these processes. On the
other hand, we can also speculate that light can change the structure
of the pigment (melanin) in the cell (losing color), making
melanophores undetected that can impact the final count. It is worth
mentioning that melanin is highly sensitive to light (Korytowski and
Sarna, 1990; Meredith and Sarna, 2006; Chauhan and Gretz, 2021). For
now there is only conjecture and the question reminds unanswered but
should be addressed in a future study.

In Figure 2, we present the effects of exposure of fish to oxidative
agent during the day and night. Only in day samples of dorsal skin we
observe the significant changes in pigment dispersion after stress
exposure: melanin is predominantly in aggregated state (MI 1: P <
0.01). This effect is slightly visible in lateral skin samples, but not in
ventral. In the night samples, we have not reported any response to
oxidative stress in any region of the skin. It is evident that not every part
of the skin is suitable for research: the same is true with the time of day.

What can we learn from studying
melanin dispersion in melanophores?

Finding a proper way to assess the response of fish to the
changing environment is still a topic of debate; many questions
remain because the performance of different species of fish and their
reactions to various kinds of stress or awry environments differ
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Percentage of melanophores of Ml 1, MI 2 and MI 3 types during the day (A) and night (B) in the dorsal, lateral and ventral skin regions in non-stressed
and stressed (bold bars) three-spined sticklebacks. Significant differences are indicated as *P < 0.05, **P < 0.01 and ***P < 0.001 (Multifactorial ANOVA,

Tukey HSD post hoc test). The number of fish is given at the bottom of the bars. D MI 1: melanophores with completely aggregated melanin I:I Ml 2:

melanophores with partially dispersed melanin . MI 3: melanophores with completely dispersed melanin.

significantly. There is still a need to develop adequate biosensors for
the measurement of different types of stress, including oxidative
stress induced by environmental pollutants. Therefore, we have
addressed the issue of implementing the pigment dispersion
analysis in melanophores to assess oxidative stress in the model
fish, the three-spined stickleback. Examination of pigment
dispersion in melanophores in stickleback skin can be useful for
both assessing fish welfare and detecting biologically toxic agents in
the environment, but under specified conditions. Here, we point out
the conditions that must be met to perform analyses and interpret
data accurately. It appears that an analysis of dorsal skin samples
collected during the day is recommended. However, these
conditions have been emphasized as relevant in terms of
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sticklebacks and oxidative stress, but may be different in other
species of fish or types of stress.
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