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Trout, Oncorhynchus mykiss, were exposed to water from the Rhine for 24 days and their skin
examined by light and electron microscopy. Relative to control fish mitotic figures were
common and seen throughout the epidermis. Pavement cells in fish exposed to Rhine water
contained significantly more secretory vesicles than control fish. Necrotic pavement cells were
apparent after 24 h, and apoptotic cells from day 4 on. Mucous secretion was intense and the
differentiation of mucous cells was stimulated. Some of these cells synthesized mucus of high
electron density, probably of a serous composition. Leucocytes Invaded the dermis and
epidermis, and towards the end of the experiment many apoptotic and necrotic lymphocytes
were found. In the dermis fibroblasts were abundant and actively producing collagen. Pigment
containing cytoplasmic extensions of melanocytes penetrated into the epidermis. After 14 and

24 days of exposure many pigment cells, melanocytes, iridocytes and xanthocytes became
apoptotic. Most of these changes are known from fish exposed to heavy metals, acid water or

other stressful treatments, indicating that exposure to Rhine water is a stressful experience for
trout.

Key words: epidermis; dermis; ultrastructure; Rhine water; Oncorhynchus mykiss.

INTRODUCTION

Anthropogenic influences, such as direct discharges from industries or surface
runoff from contaminated areas, cause pollution of the Rhine. Contaminants
such as heavy metals (e.g. copper and cadmium; Paalman & Van der Weljden,
1992) or chlorinated hydrocarbons (e.g. polychlorinated biphenyls; Dethlefsen &
Tiews, 1985; Den Hartog et al.,, 1992) have been reported at concentrations
which may lead to reproductive failure and death, and thus to the disappearance
of fish populations as well as other aquatic organisms (Capel et al., 1988).
Chronic exposure of fish to such pollutants at relatively low concentrations may
also affect aguatic life forms (Crisp, 1989; Tubbing & Admiral, 1991), and
pathological effects have been reported for liver and gills (Grizzle et al., 1984;
Albassam et al, 1987; West et al., 1988). Acting as stressors, they may evoke
chronically elevated blood cortisol levels which increase the susceptibility to
pathogenic bacteria and suppress reproductive processes (Pickering, 1989).

The body surface Is In Intimate contact with the water and therefore Is the first
tissue exposed to water pollutants. However, most studies on the effects of
pollutants on the body surface have been limited to the branchial or the intestinal
epithelium (cf. Albassam et al., 1987; Lang et al.,, 1987; Burkhardt-Holm et al.,
1990; Wendelaar Bonga & Lock, 1992). With the exception of some studies that
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Table I. Some chemical parameters of Rhine water near Lobith
(mean values; data from RIWA, unpublished) and the tap water

used In the control experiment

. Rhipe Ta
Parameter Units wafgr wafe)r
General:
hco,- mg 1- 1 167 43
mgyl~1 201 175
so 42~ m 1 /8 70
Na + mg 1 1 103 89
K+ mgr 1 7-1 5-3
Caz+ mgr 1 89 04
M s2+ mg 1 1 11-6 9-9
N H/ mgr 1 0-41 <005
no 3- mg 1 1 3-9 1-5
Heavy metals:
Fe mg 17 1 10 <0*01
Al My 1" 1 190 5
AS ng 1 ° 1 0-1
Cd My 1 01 0-01
Cu g1 1 7 10
Pb ng 1 5 4
Zn g 1 30 2
Organic micropollutants:
CN “ Myi . 3-5
Polyaromatic carbohydrates Hg 1 . 0-21
HCB My i <0-01
Atrazine My 1« ° 006
2-Chlorophenol Myl ! <5
Benzene Mg 1 0-1
Cholinesterase-inhibitors |
(such as parathion) My 1 0-26

revealed the formation of epidermal papillomas in fish exposed to polluted fresh
water (Grizzle et al., 1984; Smith et al., 1989), the sensitivity of the skin to
pollutants has received little attention. The skin of fish Is a metabolically very
active tissue, that quickly responds to stressors (Whitear, 1986; lger et al., 1992),
consisting of several cell types, In particular filament cells, mucous cells, sensory
cells and chloride cells (Whitear, 1986). We have recently reported the effects on
the skin of stressors such as water contaminated with manure or heavy metals, or
acidified water (lger et al., 1988; Iger et al., 1992; lger & Wendelaar Bonga,
1993). In this paper we report the changes observed in the skin of rainbow trout
exposed for periods up to 24 days to Rhine water, known to contain a mixture
of toxic substances (Table I) and, possibly, pathological agents. The results are
discussed In relation to the general effects of stressors on fish skin that we have
described In our earlier studies, and that therefore can be considered as biological
Indicators of poor water quality. The present study was undertaken in view of
the Iintended attempts to restock the Rhine with salmonids towards the year 2000
(De Zwart & Folkerts, 1990; Tubbing & Admiral, 1991).
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Fig. 1L Thickness of the epidermis of control fish and fish exposed to Rhine water for 4 and 24 h, and 2,
4, 7, 14 and 24 days; */5<005; **/><0-01.

MATERIALS AND METHODS

Forty-two male and female trout Oncorhynchus mykiss Walbaum, weighing about 70 g,
were kept In two groups for an acclimation period of 22 days In non-chlorinated tap
water (pH 7*2-7-4; for composition see Table I) with a temperature of 11-4-13-0° C. One
group of trout remained In tap water for the whole period. For the other group, the
water was gradually changed (within 2 h) by adding Rhine water (pH 7-0-7-1; tempera-
ture 11-5-12-5° C). The water was pumped from near Arnhem, The Netherlands, and
was filtered by a lamellar filter system (designed by KEMA, The Netherlands) In a
sedimentation chamber, to remove particles larger than 2 mm. The water of both groups
was continuously refreshed (flow through of 8-9 1 min-1) and well aerated. The
concentrations of the main i1ons and the main pollutants in Rhine water are given in Table
|. To reduce handling stress, both control and experimental groups were subdivided into
sampling groups that were kept In separate aguaria.

For electron microscopy, pieces of skin (about 3x3 mm,; thickness 0-5 mm) from three
fish from each group were excised 4 and 24 h as well as 2, 4, 7, 14 and 24 days after the
start of the exposure to Rhine water. The samples were taken from the dorsal part of the
head of fish anaesthetized In a pH-neutralized solution of MS222. The tissues were fixed
In 3% glutaraldehyde In sodium cacodylate buffer (0-09 M pH 7-35), washed In buffer and
post-fixed In 1% osmium tetroxide in the same buffer. Ethanol-dehydrated tissues were
embedded In Spurr’s resin with the tissues oriented tangentially to the mould. Sections
cut perpendicularly to the skin surface were stained with uranyl acetate and lead citrate
and were examined In a Jeol 100 CX11 transmission electron microscope.

The following morphometrical data were obtained from thin sections:

1 Number of secretory vesicles in pavement cells. The sections were scanned and the
number of vesicles of high electron density per pavement cell (about 50 jim2of cytoplasm
ner cell) was counted In seven pavement cells per fish, with intervals of five cells between
measured cells. Necrotic as well as apoptotic cells were excluded from this analysis.

2. Thickness of the epidermis. Ten photographs of skin sections at low magnification
( x 100) were taken from each fish. Negatives were magnified four times, and then the
thickness of the epidermis was measured. Areas with taste buds were excluded from this
analysis.

The data reported represent the means dhs.D. of three experimental fish for each time
point. Control values were stable during the whole experiment, and therefore were
pooled (control values are based on 14 fish). The intra-group variation was checked with
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Fig. 8 Number of vesicles of high electron density (vhed) per pavement cell in EM sections. Pavement
cells in all experimental groups contained significantly (P<0-005) more vesicles than those of the
control group.

the F-test. Differences between experimental and control groups were tested with
Student’s Mest. Significant pathological findings are reported only when they were found
In the Rhine fish and not In the control fish.

RESULTS

CONTROL

The ultrastructure of the skin of teleost fish, including that of trout, has been
described before (Whitear, 1986). Briefly, the epidermis of control rainbow trout
was composed of filament-containing epithelial cells (filament cells). The apical
membranes of the upper layer of filament cells, called pavement cells, w'ere folded
Into microridges (Fig. 2). The pavement cells produced some secretory vesicles
of high electron density. Oval-shaped mucous cells appeared from the third layer
of filament cells from the basal lamina (newly differentiated mucous cells) to the
skin surface (mature mucous cells), and contained electron transparent muco-
somes. Solitary chemosensory and Merkel cells were occasionally observed.
Chloride cells were rare. In both epidermis and dermis, separate lymphocytes
w'ere occasionally found. Other types of leucocytes were rare. In the dermis,
several different types of pigment cells, I1.e. melanocytes, Xxanthocytes and
Iridocytes, among fibroblasts and loosely arranged collagen fibres. In the inner
dermal zones capillaries were seen.

Figs 2-7. Fig. 2. Upper layers of skin epithelium of control fish showing a pavement cell (pc)
characterized by microridges (arrows) and underlying filament cells (fc); x 4160. Fig. 3. Rodlet
cell (rc) close to the skin surface; me, mucous cell; 24 h Rhine water exposure; X 4160. Fig. 4.
Mitotic filament cell (mi) located close to the basal lamina (b); 7 days Rhine water exposure;
X 6720. Fig.5. Mitotic filament cell (mi) adjacent to pavement cell; inc. mucous cell; 4 days Rhine
water exposure; x 4160. Fig.6. Goblet shaped pavement cell with many electron dense secretory
vesicles; 24 h Rhine water exposure; X 5760. Fig. /7. Phagosomes (arrows) inside pavement cell; 14
days Rhine water exposure; x 11 840.
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Figs 9-14.
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FISH EXPOSED TO RHINE WATER

The trout survived the entire exposure period. During the first 7 days, the fish
were darker than the control specimens. After 14 and 24 days, the fish appeared
pale and slightly green.

Epidermis

The thickness of the epidermis decreased significantly by about 30% after 4
and 7 days when compared with control values. Thickness was restored and
subsequently increased significantly by about 30% after 24 days (Fig. 1).

During the first 4 days, depressed areas, probably representing sites of
shedding of degenerated cells, were found at the skin surface. During the whole

period, rodlet cells (Fig. 3) were commonly found In the outer epidermal layers.
Chloride cells were rare.

Filament cells. Mitotic filament cells, not detected in control fish, were
frequently observed from day 4, and occurred throughout the epidermis (Figs 4,
5), with exception of the pavement cell layer. Filament cells containing two
nucleoli were also common. From 24 h, pavement cells showing signs of necrosis
(swollen cells with disrupted membranes, cytoplasm of transparent electron
density and fragmentation of nuclear heterochromatin) were found, while
apoptotic pavement cells (shrunken cells showing condensation of cellular
components, aggregation of heterochromatin and loss of junctional complexes)
appeared from day 4. The non-degenerative pavement cells were oval In shape
rather than flattened, and showed signs of iIncreased synthetic activity: well
developed rough endoplasmic reticulum (RER) and Golgl areas and many
vesicles of high electron density (Fig. 6). The latter were significantly more
numerous In the Rhine water exposed fish than iIn the controls (Fig. 8).
Throughout the exposure period, notable synthesis of electron dense vesicles was
also found In filament cells of the three to four outermost epidermal layers (Fig.
12) where they were absent in the controls. Towards the end of the experiment
(at 14 and 24 days), these filament cells also contained many electron transparent
vesicles. Filament cells containing phagosomes were found during the whole
period, mainly in the external layers of the epidermis (Fig. 7).

Mucous cells. At 4 and 24 h as well as at 24 days most mature mucous cells
were elongated, rather than ovoid, and were located In the outer epidermal
layers. Newly differentiated mucous cells (Figs 9, 10) were already apparent at

Figs 9-14. Fig.9. Newly differentiated mucous cell located close to the skin surface (arrow head); arrow,
mucosome; ly, lymphocyte; 48 h Rhine water exposure; x4160. Fig. 10. Newly differentiated
mucous cell showing extensive RER and mucosomes of high electron density; 14 days Rhine water
exposure; x 8640. Fig. 11. Elongated mucous cell showing normal as well as highly electron dense
mucosomes. Mucosomes are apparently secreted from the apical part (arrow head), while newly
formed mucosomes are at its basal pole (arrow); 24 h Rhine water exposure; x 2240. Fig. 12
Rounded mucous cell at skin surface; fc, filament cell filled with electron-dense secretory vesicles;
14 days Rhine water exposure; X 5760. Fig. 13. Newly differentiated mucous cell showing
cytoplasm of increased electron density, typical for the first stages of apoptosis; arrow, mucosomes,
/ days Rhine water exposure; x 6720. Fig. 14. Apoptotic mucous cell (am) Iin mid-epidermal
layers; 14 days Rhine water exposure; X 4160.
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48 h. These cells were also located in the outer epidermal layers except the
pavement cell layer. During the whole exposure period, mucous cells were seer
with extensive RER and with mucosomes of high electron density. In all fist
mucous cells containing a mixture of electron dense and normal electror
transparent mucosomes were common (Figs 11, 12). During the whole experi-
mental period, another difference with the controls was the presence of apoptotic
mucous cells, both newly differentiated (Fig. 13) and mature cells that had not
yet released their contents (Fig. 14). Occasionally mucous cells were observed
with a nucleus located at the apical cell pole, Iinstead of at the basal pole.

Leucocytes. Lymphocytes were common iIn the skin of Rhine water-exposed
trout. In the epidermis, they were frequently found as clusters adjacent to
mucous cells, a phenomenon not observed in control fish. Macrophages were
also common and appeared very active, with well-developed RER and Golgi
areas, many lysosome-like vesicles, and several phagosomes. Degenerative
macrophages, containing onion-like multilamellar bodies, were also found.
After 14 and 24 days many apoptotic lymphocytes (Figs 15, 16) were seen.
Occasionally also necrotic lymphocytes (Fig. 17) were found, mainly In the outer
epidermal layers. Interestingly, degenerated lymphocytes were also found iIn the
dermis, adjacent to the basal lamina.

Dermis

Fibroblasts. From day 4, an increased number of fibroblasts was found in the
outer dermal zone, especially close to the basal lamina. They contained
abundant RER, large Golgi areas, and many small peripheral vesicles. At 7
days, the outer dermis was filled with collagen fibres that seemed to be randomly
arranged. Towards the end of the experiment (days 14 and 24) many dermal
“herrings ’ w'ere found. These structures were composed of compact bundles of
collagen fibres, arranged perpendicularly to the basal lamina. The herrings ran
from the basal lamina to the inner dermal zones, and were only rarely observed
In the controls.

Pigment cells. During the whole period, the pigment granules of melanocytes
were located In the cytoplasmic extensions of these cells, rather than in their cell
bodies as In controls. These extensions, restricted to the dermal zone in control
fish, penetrated into the epidermis (Fig. 18) already after 24 h. Thereafter they
were found all over this tissue up to the layer of the pavement cells. After 14
and 24 days, many of the extensions of the melanocytes In both dermis and
epidermis were apoptotic (Fig. 19), typically engulfed by macrophages, and

Figs 15-20. Fig. 15. Lymphocyte in early stage of degeneration, showing agglutination of heterochro-
matin (arrows); 14 days Rhine water exposure; x 11 840. Fig. 16. Apoptotic lymphocyte (al)
located close to skin surface; 14 days of Rhine water exposure; x 6720. Fig. 17. A necrotic
lymphocyte (nl) adjacent to mucous cell (me); 24 days of Rhine water exposure; X n 840. Fig. 18.
Process of melanocyte (arrow) In the epidermis; fc, filament cells; 24 h Rhine water exposure;
X 5760. Fig. 19. Apoptotic processes of melanocyte (a) In macrophage phagosomes; arrow,
remnants of iridocyte platelets in another phagosome; 24 days Rhine water exposure; X 8640.
Fig. 20. Apoptotic part of xanthocyte (arrow) between non-degenerative processes of melanocytes;
14 days Rhine water exposure; X 6720.
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occasionally by filament cells. From day 7, xanthocytes were also very active, as
reflected by the presence of well-developed RER and many free ribosomes as well
as Xanthosomes, In particular close to their nucleus. At the same time the
platelets of the Iridocytes were oriented towards the nucleus and only rarely
towards the skin surface. After 14 and 24 days, Iridocytes were rarely seen,
mainly as remnants In the phagosomes of macrophages (Fig. 19). At this time
also many apoptotic remnants of xanthocytes were found (Fig. 20).

DISCUSSION

This study shows that exposure of rainbow trout to water from the Rhine, has
prolonged and pronounced effects on the epidermal and dermal skin layers. Part
of the changes observed may represent adaptive responses of the skin, while
others indicate exhaustion of this tissue. Several pathologic changes found after
24 days (e.g. apoptosis of lymphocytes or pigment cells) indicate that neither
complete recovery nor successful acclimation occurred during this period.

THE EPIDERMIS AND ITS FILAMENT CELLS

The thickness of the epidermis initially decreased, and this was associated with
degeneration and sloughing of pavement cells and depleted mucous cells at the
epidermal surface. Necrotic cells, reflecting accidental cell death, predominated
at first. Apoptotic cells, reflecting physiologically controlled cell death (Wyllie,
1981) and found from day 4 on, might be considered as an indirect effect, likely
to be due to accelerated ageing or exhaustion of the highly activated -cells.
Phagocytotic activity of filament cells, as observed In this study, has been
reported earlier for carp filament cells (Iger & Abraham, 1990). The content of
the phagosomes indicates that the filament cells participate In the elimination of
apoptotic bodies of epidermal cells. Necrosis and apoptosis have been reported
for the skin as well as the branchial and intestinal epithelium of fish under the
Impact of different stressors, e.g. water acidification and pollution with heavy
metals or chlorinated hydrocarbons (Burkhardt-Holm et al., 1990; Wendelaar
Bonga et al, 1990; Iger, 1,992).

Most pavement cells and many neighbouring filament cells, that were not
degenerative, showed Increased secretory activity. We have previously reported
that the synthetic activity of these cells Is stimulated by administration of ACTH,
probably via cortisol (lger, 1992). Because ACTH and cortisol are stress
hormones (Pickering, 1989), the secretory activity of the pavement cells might be
interpreted as part of the stress response of the fish (Iger et al, 1992).

After the Initial decrease, the thickness of the epidermis was restored and even
significantly increased when compared with the controls. This was associated
with the appearance of mitotic cells. Epidermal hyperplasia was also reported In
the skin of fish exposed to water polluted with manure or lead (lger et al., 1988;
lger, 1992), as well as in the branchial epithelium of fish exposed to low water pH
or nitrogenous waste products such as ammonia (Lang et al, 1987; Wendelaar
Bonga et al, 1990). It may represent a general and adaptive response of external
epithelia to stressors. In addition to proliferation of the filament cells, the
Infiltration by leucocytes and the moderate increase In intercellular spaces might
have contributed to the epidermal thickening. These phenomena are commonly
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observed In the epidermis of skin and gills of stressed fish (Whitear, 1986;
Wendelaar Bonga & Lock, 1992; lIger, 1992).

Mucous cells

Increased mucus secretion, stimulated In fish exposed to Rhine water, has been
reported in fish exposed to various pollutants or to acidified water, or suffering
from parasitic infection (Burton et al., 1984; Benedetti et cil.,, 1989; Wendelaar
Bonga et al., 1990; Iger, 1992; Iger & Wendelaar Bonga, 1993). We distinguished
between two responses, which were time-dependent, of the mucous cells to Rhine
water. First, migration of mucous cells towards the skin surface could be
concluded from the appearance of many mucous cells Iin the upper layers of the
epidermis. Second, changes In mucus composition could be Inferred from the
appearance of mucosomes of high electron density, which probably reflects a
more serous composition of the mucus (Whitear, 1986). This type of mucosome
was also found in skin of fish stressed by heavy metals, manure, social interaction
(Iger, 1992; Iger et al., 1992), or ectoparasites (Blackstock & Pickering, 1980).

Leucocytes

Exposure to Rhine water evoked invasion of the epidermis by many lympho-
cytes and macrophages. We have reported leucocyte infiltration in carp Cyprinus
carpio L. skin after administration of manure or lead to the water (lger et al.
1988; Iger, 1992), In acid water (lger & Wendelaar Bonga, 1993) and after
wounding (lger & Abraham, 1990). This infiltration has also been described for
branchial epithelium In response to water pollutants or handling of many fish
species (Albassam et al.,, 1987, Wendelaar Bonga & Lock, 1992) and for
Intestinal epithelium of fish In response to various chemicals, mainly pesticides
(Burkhardt-Holm et al., 1990). It probably represents a non-specific Immune
response. Furthermore, this phenomenon may cause, or contribute to, the
leucopenia that iIs characteristic of stressed fish (Pickering & Pottinger, 1987).
The phagocytic activity of macrophages in the Rhine water exposed fish indicates
damage of the inner epidermal layers. Macrophages participate In the elimina-
tion of apoptotic and necrotic cell remnants (Wyllie, 1981). The observed
apoptosis of leucocytes may be associated with the increased susceptibility to
diseases of stressed fish (Pickering, 1989; Secombes et al., 1992). In this respect,
It 1S of Interest that Glugea Infection observed In fish from coastal areas of
the North Sea was ascribed to the impact of Rhine water (Vethaak & Van der
Meer, 1991). The observed degeneration of leucocytes Is reminiscent of

the glucocorticoid-induced apoptosis of leucocytes that i1s well known from
mammals (Munck & Crabtree, 1981).

DERMIS

Fibroblasts

Migration of fibroblasts to the periphery of the dermis, followed by fibrosis
of this zone, Is characteristic for different stressors including pollution with
heavy metals, sewage sludge, wounding of the skin, or water acidification
(Bucke et al., 1983; Iger & Abraham, 1990; lIger et al., 1992; Iger & Wendelaar
Bonga, 1993). The resulting highly dense fibrous dermis, that also contained
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many dermal herrings, suggests iIncreased resistance of this tissue against
mechanical forces.

Pigment cells

Dispersion of melanosomes Into the melanocyte extensions explains the
darkening of the skin that was observed during the initial exposure to Rhine
water. This response has also been reported after exposure of fish to heavy
metals, water acidification, social stress or thermal pollution (lger, 1992; Iger
et al, 1992; Iger & Wendelaar Bonga, 1993). Thus it may be a general response
to stressors, an interpretation supported by the observation that darkening of the
skin of the Atlantic salmon (Salmo salar L.) and the common carp was observed
after administration of the stress hormone ACTH (Langdon et al, 1984; Iger,
1992). The melanosome dispersion was followed, in our study, by penetration of
melanocyte extensions into the epidermis. We have previously suggested that
this pigment migration may serve as a defence mechanism (lger, 1992; lIger &
Wendelaar Bonga, 1992), because intermediates of the melanin synthetic path-
way have bactericidal capacities (Edelstein, 1971). The subsequent concentra-
tion of the melanosomes In the cell bodies of the melanocytes, and the
appearance of many apoptotic melanocytes might have caused the pale colour of
the fish towards the end of the experiment. Morphological colour change
assoclated with apoptosis of melanocytes has been described earlier for the
cichlid fish Cichlasoma citrinellum (Dickman et al, 1988) and for carp exposed to
heavy metals (lger, 1992).

Our observations show that exposure to Rhine water induced changes in the
skin of trout that were similar to those observed after exposure of fish to different
types of stressors. This indicates that Rhine water exposed fish were indeed
stressed, probably by the mixture of pollutants present in this water although
other factors, such as pathological organisms, cannot be excluded. In an
additional, unpublished, experiment on rainbow trout we have observed that
even after 59 days of exposure to Rhine water the phenomena described In the
present study after 24 days were still present. Although the quality of Rhine
water has gradually improved in the last few years (Den Hartog et al, 1992), our
results indicate that long-term studies are necessary to analyse the feasibility of
restocking the Rhine with salmonids.

The authors are grateful for the technical assistance of Mr J. C. A. van der Melj,
Mr S. Spaas, Mr G. van Aerssen, Mr J. Gerretsen and Mrs E. M. Jansen-Hoorweg.
The study was carried out by order of the Dutch Electricity Production Sector.
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