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Redifferentiation of the Cutaneous Pigment System during the Wound
Healing Process in the Goldfish, Carassius auratus
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INTRODUCTION

The changes of the color patterns of fishes
are due to the presence and cellular activity of
pigment—containing cells located in the integu-
ment (Bagnara and Hadley, 1973; Schliwa, 1986).
These highly specialized chromatophores are
capable of changing body color of the animal by
two different mechanisms-a rapid “physiological
color change” being mediated by nerve endings,
and a much slower “morphological color change”
that involves either a decrease or an increase in
the total number of pigment cells or the amount
of pigment they contain (Fujii and Novales,
1969; Bagnara and Hadley, 1969, '73; Schliwa
and Euteneuer, 1983).

As a rule, the primary role of the animal
integument is that of a barrier preventing the
entry of foreign substances from the environ-
ment into the body (Christophers, 1973; Honda
et al., 1982). Thus the basic structure must be
repaired if the animal is to survive injury. Nor-
mal repair follows an orderly sequnece of cel-
lular and biochemical events, initiated by injury
and resulting in formation of new tissue (Ber-
eiter—Hahn, 1986). General events during wou-
nd healing has been a subject of study for many
years, therefore numerous experimental models
have been introduced to explain the complex
microenvironment of a healing wound (Christo-
phers, 1973; Radice, 1980; Honda ef al., 1982;
Donaldson and Mahan, 1983; Wong and Gotlieb,
1984).

Studies conducted to date have been concerned
almost entirely with healing in higher animals,
in which reorganization of the dermal connective
tissue plays a leading role in wound healing
(Wong and Gotlieb, 1984; Bereiter—-Hahn, 1986).

However, little information is available on the

wound healing of the cutaneous pigmentary
system in ornamental fishes. So this paper pre-
sents a detailed study of the morphological dif-
ferentiation of the cutaneous pigmentary system
and discusses the wound healing responses of
the chromatophores in bright—colored ornamental

fishes.
MATERIALS AND METHODS

Adult goldfish Carassi:is auratus L., one of the
most common ornamental fishes, were used in
this experiment. One week after caring, wounds
were made on the integument by two direct
ways either burning with sharp needles or
damaging with Laser beam. After wounding,
the fishes were incubated (25+2°C) in groups of
4~6 heads in the medium sized aquariums and
fed normal food 2~3 times a day.

At days 1, 3, 5, at weeks 1, 2, 3 and at
months 1, 2, 3 post-wounding, the integument
(apporximately 5 mm X5 mm squares) surroun-
ding the wound was gently cut out and fixed in
a mixture of 2% paraformaldehyde and 2.5%
glutaraldehyde buffered with Cacodylate buffer
(Karnovsky, 1965). Postfixation was performed
with 1% osmium tetroxide in the same buffer.
Subsequently, the tissue pieces were dehydrated
in ascending concentrations of ethanol, and em-
bedded in Epon-Araldite mixture via propy-lene
oxide. Polymerization was carried out at 60°C
for 28 hours.

For routine histology, semithin (1 um) sections
were cut out on glass knives, mounted on glass
slides, and stained with 1% toluidine blue in 1%
borax. Ultrathin sections (silver interference col-
ors) were obrained from a LKB ultramicrdtgne
using glass or diamond knives. The sections
were mounted on Formvar-coated, 200—mesh

nickel grids, and double stained with a saturat-
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ed aqueous solution of uranyl acetate and lead
citrate, The sections were examined with a JEM
100 CX 1I electron microscope (JEOL Ltd, Japan)
at 80kV,

RESULTS
1. Normal Chromatophores

The goldfish, Carassius auratus, contains only
dermal chromatophores which composed of three
kinds of pigment cells-xanthophores, leuco-
phores and melanophores. The epidermis and
the dermal chromatophores are separated by a
thick sheath of subepidermal collagenous layer.
Dermal xanthophores are always located just
underneath the epidermis in close to the basal
lamina (Fig. 1). Pigment granules of the xantho-
phores are carotenoid vesicles and pterinosomes.
Carotenoid vesicles have no limiting membrane
and marginal electron densities of these vesicles
are higher than those of internal region (Fig. 2).

The cutaneous leucophores have oval shaped
nucleus and long cytoplasmic processes. Pigment
granules of the leucophores-leucosomes-have
amorphous limiting membrane and membranous
or fibrous inner materials (Fig. 3). Among the
three kinds of dermal chromatophores, melano-
phores are located at the lowest portion. The
melanophores have electron dense melanin pig-
ment granules. In the cytoplasm of the melano-
phores well developed microtubules are observ-
ed. Motility of pigment granules are performed

by these structures (Fig. 4).
2. At 1, 3 and 5 Days Post-Wounding

Integumental wounds are made by burning
with sharp needles or damaging with Laser
beam. By this treatment whole parts of epi-
dermis and dermis containing basement mem-

brane are profoundly affected (Figs. 5, 6). After

_injury, the wound cavity is filled by an mucous
material containing components from damaged
tissue, cytoplasm, and numerous hemocytes.
Some of epidermal cells which have been firmly
attached to the basement membrane become
detached ar{d mobilized during this phase. This
process occurs within one day after injury (Fig.
7.

At 3 days post-wounding, epidermal cells
spread over the wound surface by migration.
These migrating cells participating in primary
wound closure are originated from the adjacent
It has been observed that all kinds

of cells near the wounds seem to have the abi-

epidermis,

lity to participate in migration. The lower epi-
dermal cells are separated from each other, and
germinative cells from normal epidermis migrate
into the dermis (Fig. 8). Particularly numerous
hemocytes, mostly composed of leukocytes, are
condensely aggregated at the wounded area (Fig.
9).

At the time of primary wound closure, 5 to 7
rER rich cells—
ably common precursors of dermal chromato-
The

rER rich cells have long and irregular shaped

days after wounding, presum-

phores—-immigrated into the wound area.

nuclei and its electron densities are relatively
higher than those of the chromatophores ob-
served at normal tissues (Fig. 10), In addition to
this, free ribosomes, mitochondria and Golgi
complexes, which also seen at the normal chro-
matophores appear at the cytoplasms of this
cells (Fig. 11). Most of all this cell is charac-
terized by their long cytoplasmic processes
distributed parallel to the basement membrane
and well developed rough endoplasmic reticulum
within the cytoplasm (Fig. 12). ‘

3. At 1, 2 and 3 Weeks Post-Wounding

Intercellular collagenous fibers appear along
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the cellular bouﬁdaries during these phases,
After primary wound closure, a growth and
differentiation phase being started. The moving
and high

mitotic activity at the newly formed epithelium

sheets of tissues contact each other,

during this period-1 to 2 weeks post—-wounding
-is observerd (Fig, 13).

First redifferentiated chromatophores appear 3
weeks after wounding. At the vicinity of this
chromatophores, rER rich cells are also observ-
ed (Fig. 14). Cellular boundaries between chro-
matophores and rER rich cells are smooth and
regular, showing no special relationships (Fig.
15). However the plasma membrane of the
chromatophores dose show numerous pinocytotic
These

associated with accumula-

vesicles adjacent to the rER rich cells.

pinocytotic vesicles,

tion of pigment material within chromatophores,

appear only at the inner surface of the chro-
matophores adhering to the rER rich cells, char-
acteristically (Figs. 16, 17).

Multivesicular bodies, which presumed to be
the intermediate pigment granules are formed by
the vesicular fusion of the Golgi bodies (Fig.
18). And the mosaic pigment cells contai'ning
more than one type of pigment also appear at

this period(Fig. 19).
4. At 1, 2 and 3 Months Post-Wounding

Cell proliferation and remodelling are balanced
by death of cells damaged from burns (Fig. 20).
The differentiation of each chromatophore in
addition to integumental wound repair is accom-
plished within 4 weeks after wounding at most
caées, however the total numbers and densities
of these repaired chromatophores still primitive
state (Fig. 21). Moreover, It has been revealed
that complete repair of chromatophores at wound-
ed tissues requirs more than 3 months in normal

environment.

During this period, differentiation of the pig-
ment granules, especially pterinosomes in xan-
thophores are clear‘ly distinguished, After the
pigment precursors being transferred to chroma-
tophores as the form of pinocytotic vesicles,
small vesicles are synthesized from Golgi com-
plex and forming large pigment granules by vesi-
cular fusion (Fig, 22).

By the fine structure of the granular different-
iation, pterinosomes are subdivided into 3 types.
Most primitive, Type I pternosomes have clear
limiting membranes and contain some amorphous
fine fibrous structure (Fig. 23). While intermedi-
ate Type II pternosomes have thick and densely
aggregated fibrous materials, mature Type III
pterinosomes have concentric lamellar structure

within the granules (Fig. 24).
DISCUSSION

The previous study has indicated most fishes
were covered by a stratified squamous epithe-
lium (Merrilees, 1974; Eastman and Hikida,
1991; Hertwig et al., 1992), and contain dermal
and epidermal chromatophores (Bagnara and
Hadley, 1969; Taylor and Bagnara, 1972). The
pigments found in the four major classes of
chromatophores are melanins, carotenoids, pteri-
dines, and purines (Baker et al., 1960; Ortiz, ef
al., 1963; Denton, 1971). And four different
types of chromatophores (melanophores, erythro-
phores, xanthophores, and leucophores or irido-
phores) were identified in fishes (Bagnara and
Hadley, 1969; Taylor and Bagnara, 1972).!

In the goldfish, Carassius auratus, no epider-
mal chromatophores were found, and three
kinds of pigment cells excluding erytrophores
were observed in dermis of the integument.
Schliwa (1986) reported that the dermal chro-

matophores of fishes were far more abundant in
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most species, and Moon et al/. (1986, '87) also
reported same observations in ornamental gold-
fishes.

Basically dermal chromatophores were classifi-
ed according to the color of the pigment they
1973). Since the

red or yellow colors of xanthophores and ery-

contain (Bagnara and Hadley,

throphores were commonly composed of caro-
tenoids and pteridines (Ortiz ef a!/., 1963; Kamei
—-Takeuchi and Hama, 1971; Byers and Porter,
1977), sometimes it is very difficult to distin-
guish each other. However by electron micro-
scopical observation, some morphological criteria
were already established by several workers
(Kamei-Takeuchi and Hama, 1971;
1972; Menter et al., 1978). Accor-

ding to these criteria, red color of the goldfish

Yasutomi

and Hama,

was due to the presence of xanthophores rather
than erythrophores. a

It has been reported that most animal species
are unable to synthesize carotenoids, they have
to be supplied with the animal’s diet (Fox and
Vevers, 1960; Bagnara and Hadley, 1973;
Schliwa, 1986). Since xanthophores of the gold-
fish also contain the insoluble carotenoid pig-
ments (Yasutomi and Hama, 1972; Moon et al.,
1986),
during the period of wound healing. By this

pigment precursors must be supplied

reason, the colors of some ornamental fishes can
be controled by artificial diet commercially.
Experimental investigation reveals mechanical
injury to animals is preferred to wounds made
by burning, or by local application of toxic
substances (Christophers; 1973; Phromsuthirak,
1977; Pickering et al., 1982). However the influ-
ence of very weak impact was reported in fish
1971; Pickering et al.,

1982). In this experiment, integumental wounds

skin (Finn and Nielson,

were made by damaging with Laser beam or

burning with sharp needles according to Pic-

kering et al.(1982).

parts of epidermis and dermis were affected, so

By this treatment whole

redifferentiation of dermal chromatophores after
wounding was easily induced.

According to Finn and Nielson (1971), Ander-
son and Roberts (1975), Phromsuthirak (1977),
and Mittal et al.(1978), the inflammatory reac-
tion is similar to that in mammals but less
Winter (1973)

assumes that delayed healing of burn wounds is

extensive and slower in fishes,

caused by a higher resistance of heated collagen
against collagenase digestion. But integument of
the ornamental fishes have not a mount of col-
lagen, wound healing process were short and
more easy than those of other animals.

In the case that the scales within integument
were damaged by burning, the repair process
was more complicated and was required addi-
tional healing periods.

The redifferentiation of the wounded scales
was similar to that of the normal scale regen-
and Roberts

and cellular

eration reported by Anderson
(1975), Sire (1984)
events during regeneration of Fundulus scales
by Frietsche and Bailey (1980).

There are two sequence of events during wou-

in teleosts,

nd healing; one relates to the re-epithlialization
of the wound, the other to degradation of in-
jured tissue and reorganization of the dermal
connective tissue (Viziam ef al., 1964; Christop-
1973; Donaldson and Mahan, 1983), Si-

miar processes were deteched on the integument

hers,

of the goldfish. After injury, wound cavity was
filled by an mucous material containing com-
ponents from damaged tissue, cytoplasm, and
numerous hemocytes. Epidermal cells become
detached and mobilized within one day after
injury. And three days post-wounding, all kinds
of cells near the wounds, mainly epidermal cells

spread over the wound surface by migration.
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The fundamental role of epidermal cell migra-
tion in wound closure is obvious (Marks et al,,
1972; Radice, 1980; Honda et al., 1982). Phro-
msuthirak (1977) found macrophage, neutrophil
granulocytes, lymphocytes and eosinophil granu-
locytes in dermal wounds of the teleost fish
Gasterosteus aculeatus. Since these leukocytes
were also present in normal skin, he concluded
that most of them were immigrated from the
blood into the dermis and also into the epider-
mis after wounding.

In small superficial wounds migration may be
sufficient to restore epithelial continuity within
less than one hour (Viziam ef al., 1964; Wong
and Gotlieb, 1984),

However the exact mechanism of cell migra-
tion remains unclear. And the events taking
places in the dermis after injury vary widely
with the degree of tissue damage (Marks ef al,,
1972; Bereiter~Hahn, 1986). In recent years, it
has been reported that the closure of wounds
were mediated by proliferation of undifferenti-
ated mesenchymal cells and fibrocytes (Aho ef
al., 1983), and differentiation of fibroblasts or
myofibroblasts (Squier, 1981; Squier ¢/ a/., 1983).

The development of pigment cells and forma-
tion of pigment granules were investigated by
several wori{ers. Pigment cells of the vertebrate
are derived from the neural crest, and migrate
to their final location in the integument during
later stages of development (Vol_pe, 1964; Wes-
ton, 1970). Howéver, the mechanisms that con-
trol this migration were still not understood
(Schliwa, 1986),

Recently it has been reported that while still
in their migratory phase, cells may initiate the
; And

it has been hypothesized that the various pig-

synthesis of their characteristic pigments.

ment cells are derived from a pluripotent stem

cell capable of differentiation into any of the

major chromatophore cell types (Bagnara et al,,
1979).

The important feature of this stem cell is a
primordial organell derived from the endoplashic
reticulum that can differentiate into any of the
known pigmentary organelles (Bagnara et al.,
1979; Schliwa, 1986).

During the wound repair in goldfish integu-
ment, we can observe undifferentiated rER (rou-
gh Endolasmic reticulum) rich cells, presumably
the dermal stem cells, about three weeks after
wounding. This stem cells appeared only at the
dermal layer, have long cytoplasmic processes
and well developed rough endoplasmic reticulum
characteristically. Moreover numerous pinocytot-
ic vesicles of the chromatophores adjacent to
this stem cells represent close association of pig-
ment accumulation. From these observations,
such hypothesis was being possible that dermal
chromatophores regenerated from wounding were
also differentiated from this stem cells,

The molecular mechanism of granule move-
ments in pigment cells is still not understood,
however two possible models of the mass move-
ment of pigment granules, which forms the
cellular basis for color change are reported.
While the first model holds that pigment gran-
ules are moved by direct interaction with micro-
tubules, the second is the presence of the fila-
mentous components of the contractile system
(Byers and Porter, 1977, Schliwa and Eutereuer,
1983; Schliwa, 1986).

By these evidences observed at this study, it
is confirmed thét regeneration or redifferentia-
tion of the pigment granulgs after wo@nding will
be proceeded as follows; the pigment material is
first synt_hesiz_ed from the rER r_ich cells, and is
transférred to chromatophores as the form of
pinocytotic vesicles, After that, small vesicles
are ‘synthesized from Golgi complex via rough
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endoplasmic reticulum, and large pigment gran-
ules are formed by the vesicular fusion. At this
experiment we could observe some fine struc-
tural evidences suggesting that the limiting mem-
branes of the pigment granules are also origi-
nated from the Golgi complexes (Duden ef al.,
1991), however further precise studies will have

to be carried out confirming this observation.
ABSTRACT

The regeneration and differentiation of the
cutaneous pigment system in the goldfish, Cara-
ssius auratus during the wound heéling process
were studied with high magnification electron
microscope. The cutaneous pigment cells of the
normal tissues were composed of three kinds of
dermal chromaiophores—xanthophores, 1eueoi-
phores and "melanophores. While xanthophpres
contain two kinds of pigment granules-pteri-
nosomes and carotenoid vesicles, ‘leucophores
and. melanophores contain amorphous pigment
granules (leucosomes) and oval shaped electron
dense melanin pigment granules (melanosomes)
respectively. '

After injury, primary wound healing responses
being carried out by migration of epidermal cells
and hemocytes spreading over the wound sur-
face at the day of wounding. And at the time
5 to 7 days after

rER rich cells—prééﬁmably common

of primary wournd closufe,
wounding,
precursors of derfrial chromatophores—immigrated
into the wound area. First redifferentiated chro-
matophores appeared 3 weeks aftér wounding.
Pigment granules of the chromatophores were
emerged from the cytoplasmic Golgi complex via
rough endoplasmic reticulum. Pinocytotic vesicles
which associated with accumulation of pigment
maferial, appeared only at the inner surface of
the chromatophores adhering to the rER rich

cells, characteristically.

The differentiation of each chromatophore in
addition to integumental wound repair were
accomplished within 4 weeks afte_r wounding at
most cases, however the total numbers and den-
sities of these repaired chromatophores still pri-
mitive state. Moreover, It has been revealed
that complete repair of ,chromatophores at wound-
ed tissues from burns requirs more than 3 mon-

ths in normal environment,
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'FIGURE LEGENDS

. Electron micrograph of the normal integument of the goldfish, Carassius auratus. Red skin of

the goldfish contains only one type of dermal chromatophores. The cutaneous xanthophores
(XP) just distributed beneath the basement membrane have oval shaped nucleus (N) and long
cytoplasmic processes,

Pigment granules of the dermal xanthophores are carotenoid vesicles (C) and pterinosomes (P).
Carotenoid vesicles have no limiting membrane and marginal electron densities of these vesicles
are higher than those of internal region.

- Luminous white skin of the goldfish is expressed by dermal leucophores (LP) which composéd of

amorphous .pigment granules, leucosomes.

. Normal black spot of the fish is expressed by multilayered dermal chromatophores composed of

xanthophores, leucophores and melanophores. Melanophores (MP) have electron dense melanin

pigment granules, known as melanosomes (M),

. Low magnification electron micrograph of normal integument in the goldfish before damaging.

Three layers-uppermost epidermis (E), intermediate dermis (D) and underneath scales (S) are
identified.

. After treating integumental wounds by burning with sharp needles, whole parts of epidermis

and dermis containing basement membrane (arrows) are profoundly affected.

. Within one day after injury, the wound cavity (arrows) is filled by an mucous material

containing components from damaged tissue, cytoplasm, and numerous hemocytes (H). Some of
epidermal cells become detached and mobilized during this phase,

. At 3 days post-wounding, epidermal cells spread over the wound surface (arrows) by migration.

These migrating cells participating in primary wound closure are originated from the adjacent

epidermis.

Fig. 9. Migtrated hemocytes (H), mostly composed of leukocytes, are cbndensely aggregated near

Fi

wounded area.

g. 10. At 7 days after wounding, dermal stem cells (SC)-presumably common precursors of dermal

chromatophores-immigrate into the wound area. Electron density of this cell is relatively higher
than that of other normal chromatophores.

Fig: 11. In the cytoplasm of the stem cells, well developed rough endoplasmic retictilum (ER),

mitochondria (M) and Golgi complex (G) are observed.

Fig. 12. The stem cell is characterized by its long cytoplasmic processes (CP) distributed parallel to the

basement membrane (BM),

Fig. 13. After primary wound closure, high mitotic activities at the newly formed epithelial cells are

observered. Intercellular collagenous fibers (CB) re-arranged along the cellular Boundaries during
1 to 2 weeks post-wounding.

Fig. 14. At 3 weeks after wounding, the first redifferentiated chromatophores (arrows) appear in

Fi

dermal layer. At the vicinity of this chromatophores, undifferentiated stem cells (SC) also
appeared.

g. 15; Electron micrograph reveals that the formation of pigment granules in the primitive chromato-

phores initiated after 3 weeks after wounding, These primitive pigment granules (arrows) are
accumulated along the marginal region of the cytoplasm.
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Figs. 16, 17. High magnification electron micrograph of the pinocytotic vesicles (PV) at the plasma
membrane of the primitive chromatophores. These vesicles, associated with accumulation of
pigment material within chromatophores, appear only at the inner surface of the chromato-
phores adhering to the stem cells.

Fig. 18. Multivesicular bodies (MB), which p'resumed to be the intermediate pigment granules are also
observed within this primitive chromatophores. These bodies being formed by vesicular fusion
of Golgi bodies.

Fig. 19. During this period, the mosaic pigment cells containing more than one type of pigment granules
(arrows) were also seen at dermis.

Fig. 20. Integumental wound .repair (arrows) is accomplished within 4 weeks after wounding at most
cases. Cell proliferation and remodelling are balanced by death of cells damaged fromh burns.

Fig. 21. Electron micrograph of the repaired xanthophore in the goldfish at 4 weeks after wounding.
Electron densities of the pigment granules (PG) are still low, representing low level of pigment
differentiation.

Fig. 22. During 1 to 3 months post-wounding, precursors of-the pterinosomes in.xanthophores are are
vesiculated through Golgi complex (G), and large pigment granules were formed by. the vesicular
fusion (arrow).

Fig. 23. While type I pterinosomes (P1) have amorphous fine fibrous materials and clear limiting
membrane, type II pterinosomes (P2) have thick and aggregated fibrous structures in addition to
clear limiting membrane.

Fig. 24. Type Il pterinosomes (P3) have lamellar structures arranged concentrically. The outer most
lamella is difficult to be distinguished from the limiting membrane. Bar indicates 5um, 5pm, 5
pum, 5pm, 5pm, respectively.
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