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Abstract. The skin of carp was examined after exposure
1 acidified water. Degenerative cells were common in the
it '»per epidermal layers.During the first days most of
t ese cells exhibited signs of necrosis. Later on the Inci-
dence of necrosis decreased and that of apoptosis In-
c eased. In the acid-exposed fish, the upper filament cells
a Id pavement cells produced secretory vesicles of high
e Xtron density, some of which showed peroxidase activ-
ity. This enzyme activity was also present in the glycoca-
N\ kcovering these cells, and in the cytoplasm of apoptotic
c 11s. Mitotic figures and newly differentiating mucous
cells were common In the outer epidermal layers. Mucous
cells became elongated and produced mucosomes of high
electron density. Mucosomes with peroxidase activity
were also found. Club cells increased in number. Chloride
cells and solitary chemo-sensory cells, not seen iIn the
c ntrols, appeared In the upper epithelial layer. The skin
wis Invaded by many leucocytes and by pigment-con-
taining cytoplasmic extensions of melanocytes. Some leu-
cocytes apparently penetrated into the club cells. These
structural observations reflect the complexity of the
physiological response of the skin to acid water.

Key words: Skin - Ultrastructure - Endogenous peroxi-
d ise - Water acidification - Cyprinus carpio (Teleostel)

Introduction

Anthropogenic acidification of fresh water has a serious
Impact on fish as well as other aquatic organisms. It caus-
es disturbance of water and i1on balance, reduced growth
and reproduction, and may eventually lead to disappear-
ance of fish populations (Fromm 1980; McDonald 1983;
Wendelaar Bonga and Dederen 1986). The disturbance of
the water and ion balance iIs mainly caused by damage
Inflicted upon the gills, and, as a consequence, many au-
thors have examined the histopathological effects of acid
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water on the branchial epithelium (Wendelaar Bonga et
al. 1990; Freda et al. 1991).

Contrastingly, the skin surface outside the branchial
area has received little attention, although It isa metabol-
ically active tissue that Is important as a protective barri-
er between the water and the organism. It rapidly re-
sponds to external challenges such as pollutants or
changes In the 1onic content of the water (Whitear 1986).

The epidermis of teleost fish consists of several cell
types: filament cells, mucous cells, club cells and sensory
cells. In many species also chloride cells may be present
(Whitear 1986). The epidermis is covered by a mucus
layer attached to the tissue directly or via the glycocalyx
(Iger et al. 1988). This layer forms an additional barrier to
potentially harmful substances In the water. It contains
proteases and phosphatases (Brown et al. 1990; Iger and
Abraham 1990) and has also ion-concentrating capacities
(Fromm 1980).

In this paper ultrastructural and cytochemical
changes of both pathological and adaptive character are
described In the epidermis and the underlying tissue of
carp exposed for different periods to water of low pH.
The results may contribute to our understanding of the
cellular responses of the skin to stressors.

Materials and methods

Fifty-seven juvenile male and female carp, Cyprinus carpio. weigh-
Ing 3-4 g, were kept in 3 groups for an acclimation period of 20 days
In artificial tap water (demineralized water to which were added In
mmol.l 1. 3.8 NaCl; 0.8 CaCL; 0.2 MgS04;0.335 NaHCO, and 0.06
KC1) at pH 7.5 and a temperature of 22° C. To reduce experimental
disturbance, each group was subdivided and the fish were kept In
different aquaria, with 3 fish per aquarium. One group of carp
remained at this pH for the whole period. For the other 2 groups,
the pH of the water was lowered gradually over a period of 2.5 h to
pH 5 or pH 6, respectively, by adding continuously dilute H2S 04,
under continuous aeration. During the experiment, the water
pH was adjusted automatically with pH-stat equipment (Consort,
Belgium). The water was continually changed (about 30% per day),
well aerated, and filtered.

Skin biopsies (3 x 3 mm) of 3 fish from each group were taken
3h, 24 h, and 3, 7, 14 and 23 days after reaching the final water pH.
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Each fish was sampled once and samples from ithe same fish were
used for LM. TEM and SEM observation. The samples were taken
from the dorsal part of the head of fish that were lightly anes-
thetized (Hypnocalmer. Jungle, Tex.), without killing them. The tis-
sues were fixed In 3% glutaraldehyde In sodium cacodylate buffer
(0.09 M, pH 7.3), washed in buffer and post-fixed Iin osmium tetrox-
Ide (1%) In the same buffer. Ethanol dehydrated tissues were em-
bedded in Spurr's resin. Thick sections (1.5 [I m) stained with tolu-
Idine blue were used for LM study. Thin sections, collected on 150
mesh copper grids, were contrasted with uranyl acetate and lead
citrate and were examined iIn a Jeol 100 CX transmission electron
microscope. For SEM, ethanol dehydrated tissues were transferred
Into Increasing concentrations of liquid C 02 coated with gold In a
Balzers coating unit (CPD 020. Balzers, Switzerland), and examined
In a Jeol-JSM T 300 scanning electron microscope. The detection of
endogenous peroxidase activity was carried out with the conven-
tional diaminobenzidine technique followed by fixation with glu-
taraldehyde (lger and Abraham 1990). Control specimens were In-
cubated in the absence of H:0 2 Six fish (2 from each group) were
subcutaneously injected with horseradish peroxidase (HRP; Sigma,
USA; 2.5 mg per 10 g body weight, dissolved in carp saline) for the
detection of pinocytotic activity and the extent of the intercellular
spaces. Fish were sampled 1h after injection. HRP was visualised
with the diaminobenzidine technique. The presence of mitotic cells
was demonstrated in 3 fish from each group. These fish were subcu-
taneously injected with colchicine (Merck. Germany; 2 mg 100 g
body weight, dissolved in carp saline). Fish were injected 20-22 h
before dissection (total of 6 and 3 fish from the different groups, for
days 14 and 23, respectively).

Morphometrical parameters (number of cells per 1 mm of sec-
tion length and epidermal thickness) were obtained from sections of
1.5 [i m thickness and about 3 mm length. Data represent the mean
+ S.D. of 6 sections per fish (3 fish per group), with 40-50 |.Im
Intervals between the sections. Control data were similar during the
whole period and therefore were pooled (n = 17). The differences
between experimental and control groups were tested for statistical
significance with the Student /-test. For some morphometrical
parameters, data represent the range of the values measured.

Results
Controls
Epidermis

The epidermis was 70-80 pm thick (Table 1) and com-
posed mainly of several layers of filament-containing ep-
ithelial cells (filament cells). The upper layer of cells was
flattened (pavement cells). In addition mucous cells and
club cells were present.

Filament cells. The filament cells contained a web of mi-
crofilaments of about 8 nm in diameter, and were inter-
connected by desmosomes and cytoplasmic interdigita-
tions. The basal layer of filament cells was attached to the
underlying basal lamina and adjacent connective tissue
by hemidesmosomes. The latter cells displayed intense
endocytotic activity (Fig. 1) at the basal part of the outer
cell membrane, as was reflected by the presence of several
HRP-positive endosomes In fish injected with this mark-
er (Fig. 2). HRP also penetrated freely between the fila-
ment cells (Fig. 3) and was found In the intercellular
spaces throughout the epidermis. The permeation of
HRP iIn the epidermis ended at the tight junctions that
connect the pavement cells. The latter cells (Fig. 4) were

Table 1. Epidermal thickness of control fish and fish exposed for
different periods to acidified water

Pooled controls (n= 17) 78.9 + 6.16

Time pH 5 (n= 3) P val. pH 6 (/7= 3) P val.
3 h 73.5+8.30 ns 75.2 £7.98 ns
24 h 64.8 + 5.24 0.002 76.7 £8.26 ns
3d 57.2 + 8.66 0.0005 65.3 + 6.88 0.003
7 d 82.4 + 11.32 ns 74.9 £9.64 ns
14 d 94.6 + 12.45 0.002 80.2+11.50 ns
23 d 112.9+14.76 0.0005 84.9+ 12.74 ns

characterised by folding of the apical cell membrane n to
microridges of about 0.4 pm high. The ridges contains a
core of filaments that ran parallel to their long axis Id
that were integrated In the filaments of the terminal w b
The pavement cells contained few electron-lucent \ n-
cies. Occaslionally the latter were seen to fuse with lie
apical cell membrane and to release their contents by
exocytosis. We could not find any endogenous peroxi-
dase activity In the pavement cells or at the epiden al
surface (Fig. 5a). At the skin surface (Fig. 6) depressed
areas, representing sites of sloughing of apoptotic 1 id
necrotic pavement cells, were only exceptionally four |

Mitotic cells were not observed In colchicine-unti\ It-
ed fish. Examination of colchicine-injected fish revealed
8-11 mitotic cells per 1 mm of epidermal cross-section.
Mitosis occurred from the second layer from the basis to
the middle layers of the epidermis.

Mucous cells. There were about 110 oval mucous cells per
mm section length of the epidermis (Table 2). Differei ti-
ating mucous cells were connected by desmosomes to
adjacent filament cells, and contained an extensive r R
and well developed Golgi system. Small vesicles originat-

Fig. 1. Basal filament cell Oi a control fish. Endosomes (arrows) ire
seen along the basal membrane, cl Connective tissue, x 52 00‘1

Fig. 2. Basal filament cell of a control fish. Endosomes (am .w
contain the HRP-marker that is present in the connective tissue.
HRP-DAB reaction, otherwise unstained, x 52 000

Fig. 3. Basal filament cell of a control fish. Intercellular spaces Ire
filled with HRP. HRP-DAB reaction, x 8100

Fig. 4. Pavement cells of a control fish. G Golgi system; r micro-
ridges; s secretory vesicles, x 27 500

Fig. 5. Pavement cells with microridges, treated with DAB to re\eal
endogenous peroxidase activity, otherwise unstained, a. Conirol
fish showing negative reaction x 18 000 b. Acid-exposed fish (p1 |15
7/ days); the glycocalyx iIs strongly positive, x 24 800

Fig. 6. S.E.M. of pavement cells at the skin surface in control figt
showing microridges, X 6600

Fig. 7. S.E.M. showing normal pavement cells and dark areas (V/r*
rows) representing depressed sites where apoptotic and necrotic
cells where rejected. pH 5, 7 days, x 4950

Fig. 8. Necrotic pavement cell; pH 5, 3 h. x 18 000

Fig. 9. Apoptotic pavement cell (arrow). pH 5, 7 days, x 31 800
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lable 2. Number of mucous cells per 1 mm of epidermal section
length In controls and fish exposed for different time periods to
jeidified water

'ooled conlrols (n= 17) 112.4+ 13.88

Ime pH 5 (/7= 3) P val. pH 6 (7= 3 P val.
h 106.8 + 10.54 11s 101.9+ 11.76 ns

4 h 41.0 £5.93 0.0005 89.7 £8.34 0.014

d 26.8+6.76 0.0005 68.4 £9.25 0.0005
d 93.7+ 16.46 0.05 743+ 11.36 0.0005
4 d 104.6 £12.43 ns 84.9 + 9.70 0.004

3d 42.7 £9.57 0.0005 83.6 + 7.31 0.003

able 3. Number of club cells per 1mm of epidermal section length
i controls and fish exposed for different time periods to acidified
ater

ooled controls (//= 17) 79.2 £8.97

ime pH 5 (n=3) P val. pH 6 (/7= 3) P val.

h 82.6 £5.73 ns 81.4+7.66 ns

4 h 76.4+8.67 1S 78.5+9.34 ns

d 34.7 £6.21 0.0005 72.6 +8.91 ns
74.3 £9.46 s 71.3+6.84 ns

4 d 104.6 £+ 11.60 0.0005 80.9 + 10.17 ns

3d 152.84+14.52 0.0005 08.1 + 11.42 0.004

d by budding from the Golgi membranes and coalesced
) form electron-transparent mucosomes (Fig. 10) of
bout 1jam In diameter. The cell nucleus was located
tsally in the cytoplasm. Cells filled with mucosomes had
wer and smaller desmosomes than filament cells. They
Igrated towards the epidermal surface where occasion-

g. 10. Part of mucous cell of control fish, containing electron-
Insparent mucosomes. X 19 000

g. 11. Pavement cell (p) with secretory vesicles (arrows) and mu-
us cell (in) with mucosomes of increased electron density. rER
>ugh endoplasmic reticulum; G Golgli area. pH 5 14 days.
20 500

Ig. 12. Part of a mucous cell with mucosomes showing endogenous
roxidase activity; DAB reaction, otherwise unstained. pH 5, 7
tys. X 21 200

Ig. 13. a. Apoptotic pavement cell, showing endogenous peroxi-
Ise activity; DAB-reaction; otherwise unstained. pH 5, 14 days X
800. b Cytoplasm of normal pavement cell with vesicles showing
Moxidase activity. pH 5, 7 days, x 28 800

Ig. 14. Mucous cell at an early stage of apoptosis. The shrunken
toplasm of the mucous cell, as well as the cover of the microridges
the adjacent filament cells (arrows), show endogenous peroxidase
tivity;, DAB reaction, otherwise unstained. pH 5, 3 days, x 6500

g. 15. Elongated mucous cell releasing mucus at its apical pole (a)
d synthesizing electron-dense mucosomes at its basal pole (/7).
15. 7 days, x 5100

g. 16. Apical part of chloride cell (c) between pavement cells (p). ts
bular system. pH 5, 3 days, x 23 500
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ally they were seen discharging their contents. The re-
maining cytoplasm of the mucous cells, usually not show-
Ing signs of apoptosis, was occasionally observed at the
skin surface and most likely disappeared by sloughing.

Club cells. The club cells were less numerous than mu-
cous cells (about 80 cells per mm section length; Table 3).
Mature club cells were very large (about 27 x 20 jj m),
and were located only In the middle of the epidermis.
They were characterised by a centrally located multilo-
bated nucleus surrounded by a thin rim of cytoplasm
containing reER, some Golul areas and mitochondria.
Most of the cytoplasm was electron transparent and oc-
cupied by fine curved microfilaments, with a diameter of
4-5 nm.

Leucocytes. Lymphocytes were occasionally found iIn the
epidermis. Basophilic granulocytes were rarely seen. Oth-
er types of leucocytes were not seen.

Sensory elements. Merkel cells, each of them containing
10 to 15 small granules per cross-section, as well as taste
buds, were occasionally observed. Solitary chemo-senso-
ry cells (Whitear and Kotrschal 1988) were not found,
reflecting their rarity In the areas examined.

Dermis

In the dermis capillaries were never found within 60 f.tm
from the basal lamina. Endothelial cells showed many
small transparent vesicles at the luminal and the periph-
eral side of the endothelial cells. These vesicles were In-
dicative of endo- and exocytosis, respectively. Pigment
granules were located iIn the cell bodies of melanocytes,
and were only occasionally found iIn the cytoplasmic ex-
tensions of these cells. Dermal papillae, containing axons
and capillaries, were scarce. Lymphocytes and basophilic
granulocytes were rarely found.

A diagram of the epidermis and the underlying dermal
connective tissue of control fish Is presented In Fig. 24.

Acid water - pH 5.0
Epidermis

The thickness of the epidermis significantly (P <0.01 )de-
creased after 24 h and 3 days of acid water exposure,
when compared to control fish. Later, the thickness was
restored and even significantly (P <0.01) increased on
days 14 and 23 (Table 1). The epidermal surface had a
wavy appearance throughout the experiment. This was
pronounced during the first 3 days and after 23 days. The
decrease in epidermal thickness was associated with signs
of necrosis (swelling of the cells, disruption of mem-
branes) of many filament cells and pavement cells (Figs. 7,

8).

Filament cells. The incidence of necrosis decreased during
the first days, and more and more of the degenerative
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pavement cells were apoptotic (cellular shrinkage, con-
densation of cellular components, loss ofjunctional com-
plexes; Fig. 9). On days 14 and 23 the apoptosis prevailed
among the degenerative pavement cells. The outline In
the section of the non-degenerative pavement cells
changed from flattened to oval, and showed signs of In-
creased secretory activity: well developed rER and Golgi
areas. Already after 3 h small vesicles had appeared, with
a diameter of 150-200 nm and a finely granular or homo-
geneous matrix of high electron density (Fig. 11). Their
number increased rapidly and from 24 h onwards, they
also appeared In the upper 2 or 3 layers of the filament
cells. Most of the high electron-dense vesicles (about 25-
35 per cross-section of these cells) were observed on days
7/ and 14. Some of these vesicles gave a positive response
In the peroxidase test (Fig. 13b). Such vesicles were locat-
ed mainly in cells lacking the glycocalyx cover. Peroxi-
dase activity was prominent In the cytoplasm of apop-
totic cells (Fig. 13a) and in the glycocalyx cover of the
skin surface (Figs. 5b, 14), especially In the glycocalyx of
normal, rather than of apoptotic pavement cells. The gly-
cocalyx itself was more pronounced than in the controls
(Fig 5b). The distribution of injected HRP In the intercel-
lular spaces was similar to that in the controls. The num -
ber of desmosomes decreased. The terminal web In these
cells became more pronounced from day 3 onwards, and
the ridges became slightly higher (up to 0.5 jam). In col-
chicine-treated fish from acid water, mitosis of filament
cells was frequently observed (about 25-30 per mm of
epidermal length In cross sections). It occurred In all lay-
ers except in the uppermost and the innermost layer of
the epidermis. Mitosis was also observed In colchicine-
untreated fish. Filament-containing cells differentiating
Into either mucous cells or club cells were found In the
same areas as the mitotic cells. The endocytotic activity
of the basal filament cells was suppressed almost com-
pletely after 3 h, and was restored at day 1 The basal
lamina became highly undulating, and this lasted
throughout the experiment.

Mucous cells. Mucus secretion was stimulated at the be-
ginning of the exposure period. It was reflected by the
presence of most mucous cells close to the epidermal sur-
face and by a significant (P < 0.001) decline of the total
number of mucous cells (Table 2) after 24 h and 3 days.
The number of mucous cells was restored later, and de-
clined significantly (P <0.001) again after 23 days. In the
first 14 days of exposure to the acidified water, the newly
synthesized mucosomes - of about 0.4 0.6 (am In diame-
ter - showed a high electron density (Figs. 11,15), which
became visible already after 24 h. Fused mucosomes of
high electron density, as well as apoptotic newly differen-
tiated mucous cells, were commonly found. Most mucous
cells were elongated rather than oval shaped, with a
length up to 20 (im. Such cells showed synthesising activ-
ity (abundant rER and many Golgi systems from which
new mucosomes budded) at their basal pole, close to the
nucleus. This part was connected with a strand of cyto-
nlasm to the apical pole where release took place
(Fig. 15). At day 23 dense mucosomes became less com-
mon. Whereas In the controls the mucous layer usually

disappeared during fixation, In acid-exposed fish a mu-
cous layer of 7-9 ftm thickness frequently remained at-
tached to the epidermal surface (Fig. 20). This layer, as
well as some of the mucosomes (Fig. 12) and the cyto-
plasm of apoptotic mucous cells (Fig. 14), showed a posi-
tive reaction In the peroxidase test.

Chloride cells. Clusters of 4-6 chloride cells, absent in the
controls, were commonly seen from day 3 onwards in the
upper epidermal cell layers (Fig. 16). They were charac-
terised by an extensive tubular system and many mito-
chondria, and were connected by desmosomes to adja-
cent pavement cells. Most chloride cells showed an apic |
crypt. Accessory chloride cells were also present. Occ -
sionally chloride cells with the high electron density of
apoptotic cells (Wendelaar Bonga and Van der Meij 1X'))
were observed. Some of the latter cells were engulfed v
macrophages. At the end of the experiment (day 23), ch -
ride cells were only occasionaly seen.

Club cells. The cytoplasm around the nucleus contain d
extensive rER. Golgil systems, and many free ribosomes.
Small vesicles, possibly primary lysosomes, were found n
the Golgi areas and in the cell periphery, close to the
outer cell membrane. Some of the club cells had lal e
phagosomes. After 3 h and until day 14, many club cc Is
were located close to the skin surface. At day 3 the num-
ber of club cells was significantly (PcO.OOI) reduce .1
when compared to control fish (Table 3). At day 7, ho -
ever, their number was back to control values and at da s
14 and 23 was significantly (P <0.001) higher than int e
controls.

Leucocytes. Already after 3 h, macrophages (Fig. 18). is
well as lymphocytes, had penetrated the epidermis. Fn n
day 1 onward, also many eosinophilic and basoph Ic
granulocytes extravasated and appeared In the dern |l
connective tissue and In the epidermis (Fig. 1)
Macrophages and basophilic granulocytes appeared viry
active, with well devejoped rER and Golgi areas, and

Fig. 17. Club cell containing a leucocyte {le); a lymphocyte (ly) p s
sibly penetrates this cell. pH 5, 3 days, x 6500

Fig. 18. Macrophage containing a phagosome (p) and a lysosome ).
In the epidermis. pH 5, 14 days, x 9000

Fig. 19. Eosinophilic granulocyte (g) between filament cells (/) ol jlie
epidermis; pH 5, 3 days, x 14 800

Fig. 20. Sensory process of solitary chemo-sensory cell (c) protrud-
Ing at the skin surface; m part of the mucus layer. pH 5, 14 davs.
x 14 200

Fig. 21. A Merkel cell (A/) at early stages of necrosis, showing swol-

len cytoplasm and electron-dense secretory granules (arrows). pH 5
24 h. x 20 500

Fig. 22. A Merkel cell (M) with many secretory granules and other-
wise normal structure, located close to the skin surface. pH 5 3
days, x 18 000

Fig. 23. Remnants of melanocyte extensions (arrows) in the epider-
mis close to the skin surface. pH 5, 14 days, x 5200
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several phagosomes. Several lymphocytes and granulo-
cytes were found adjacent to club cells and the Impres-
sion was that they had entered club cells (Fig. 17). The
latter apparently had an intact outer membrane and did
not show signs of degeneration.

Sensory elements. Several Merkel cells were necrotic dur-
Ing the first 24 h (Fig. 21). After 14 and 23 days, the num -
ber of secretory granules in these cells (Fig. 22) increased
from 10-15 in controls to 30-40 granules per cell profile
In the acid exposed fish. From day 7 onwards, solitary
chemo-sensory cells (Fig. 20), with extensions containing
a core of microtubules projecting Iinto the mucous layer,
were observed in all the experimental fish.

Dermis

Dermal papillae were very common from the third day
onwards. Shortly after water acidification the endothelial
cells of the capillaries became extended in the direction of

Fig. 24A,B. Schematic diagram of
cross-sections of the skin of co
trol carp (A) and carp exposed or
23 days to water of pH 5 (B).
Pavement cells with microridd
and a thin (A) or thick (B) mu us
layer, f Filament cells; ni muc<
cells; ¢ club cells; me mitotic ¢ S
ma macrophage, containing
phagosome with pigment grail
ules; / lymphocyte; bf basal fi!
ment cells; me melanocytes; //
broblasts; cap blood capillari.

bg basophilic granulocyte; eg
eosinophilic granulocyte

the epidermis. Whereas In the controls the capilla os
were located at a distance of about 60 (.tin from the b; a
lamina, this distance gradually decreased to only few iIm
at day 3 In acid water. The endo- and exocytotic actl Ity
of the endothelial cells almost completely disappe;i ed
within 3 h after the start of the experiment. This acti Ity
was resumed already at day 1 and was back to normal
day 3.

Melanocytes. The skin of experimental fish was darker
than that of control fish. The pigment granules were lo-
cated in the cytoplasmic extensions of the melanocues
rather than iIn the cell bodies. These cytoplasmic exten-
sions were no longer restricted to the dermal connective
tissue: already after 3 h they penetrated into the basal
layers of the epidermis. Within 3 days and until the end ol
the experiment they were observed all over the epidermis,
up to one layer from the epidermal surface (Fig. 23).
Some of the melanocyte processes were apoptotic and
confined within macrophages.




Acid water -pH 6.0

1 1e effects of exposure to pH 6.0 were In many respects
similar to those of exposure to pH 5, although from a
quantitative point of view intermediate between those
observed In the latter group and the controls, or occurred
later than In pH 5.

1 pidermis

| ie thickness of the epidermis was significantly (P <0.01)
r duced at day 3 (Table 1), but it increased later and
s ibilised at control levels.

f lament cells. After 24 h onwards, pavement cells were
a tively synthesising and secreting small secretory vesi-
c s that reacted positively with the peroxidase test. The
\ sides were less abundant than at pH 5 The glycocalyx
a >0 reacted positively. The tight junctions between the
pavement cells were intact. The height of the microridges
Il creased to about 0.45 jt m. Apoptotic cells were only
occasionally observed. Their cytoplasm showed peroxi-
d se activity. Necrosis was rarely found. The number of
n totic cells, mostly in the neighbourhood of club cells,
vV IS 35-40 per mm of skin section. The endocytotic activ-
it In the basal layer of filament cells slightly diminished
d ring the first day. The basal lamina became slightly
tii dulating.

N ncous cells. From 24 h onwards the number of mucous
Is was significantly (P <0.01) lower when compared to
ntrols (Table 2). The lowest number was found on day

3 but it remained below control values throughout the

? periment. Differentiating mucous cells were found only

| the middle and upper epidermal layers. The mucous
sides were smaller than In the controls. Elongated cells

. nnected by desmosomes, showing mucosome release at

le top and synthesis at the basal pole, were common.

\ ter fixation a mucous layer of about 1-2 jim thickness

v nained attached to the epidermal surface. It showed

>Ine peroxidase activity.

loride cells. Single chloride cells appeared after 3 days
d clusters of 2-3 cells after 7 days. On day 23, chloride
d Is were rarely seen.

lub cells. The number of club cells was only slightly
ecreased during the first week, but significantly
< 0.01) increased later on when compared to control
I'els (Table 3). Club cells were found close to the skin
irface as well as at their normal location (e.g., In mid-
3idermal layers). Only a few club cells contained leuco-
ses.

'nsory elements. Projections of solitary chemo-sensory
Ills were common from day 7 onwards.

ermis

lie endocytotic activity of the endothelial cells of the
ood capillaries diminished slightly during the first day.
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At the same time the endothelial cells became extended In
the direction of the basal lamina, and after 7 days capil-
laries were present very close to this lamina.

Melanocytes. The skin was slightly darker than in the
controls. Pigment granules were located In the periphery
of the melanocytes. Penetration of cytoplasmic exten-
sions of these cells into the epidermis was restricted to the
first 3 days. Afterwards, Iin the epidermis only remnants
were observed, mostly within macrophages.

A diagram of the epidermis and the underlying dermis
of acid-exposed fish Is presented In Fig. 24.

Discussion

The results of this study show that exposure of fish to
acid water had pronounced effects on the epidermal and
dermal skin layers. These effects are for a small part de-
generative. Most effects represent adaptive changes.
Their extent and complexity reflect the physiological Im-
portance of the skin as a protective barrier against the
direct (H -penetration) and indirect (increased suscepti-
bility to infections) effects of low water pH.

Epidermis

The thickness of the epithelium showed an initial de-
crease and a subsequent increase above control values.
The decrease was associated with degeneration and shed-
ding of many pavement cells and mucous cells at the
epidermal surface, which apparently surpassed the rate of
cell replacement. Necrosis, a process reflecting accidental
cell death (Wyllie 1981), and perhaps a direct effect of
reduction of the water pH, was prominent during the first
days. Degeneration by apoptosis, which Is the conven-
tional, physiologically controlled cell death (Wyllie 1981)
Increased during the first week and dominated later. This
reflects accelerated ageing of the cells, caused by their
Increased activity or, directly, by the low water pH. Ne-
crosis and apoptosis were also reported for the gill epi-
thelium of acid-exposed tilapia, Oreochromis mossambi-
cas (Wendelaar Bonga et al. 1990).

Our observations of colchicine-treated fish indicate an
Increase of mitotic activity of the epidermal cells In acid-
exposed fish. The appearance of mitotic figures In col-
chicine-untreated fish from acid water also supports this
view. The subsequent increase In epidermal thickness Is
therefore probably caused by an increase in the number
of filament cells and later also by the increase in the num-
ber of club cells. The infiltration of the epidermis by
many leucocytes may further contribute to the increase In
skin thickness. The higher mitotic rate, together with the
appearance of many apoptotic cells, indicates that at this
pH the turnover rate of the cells was increased. This con-
clusion was also drawn for epidermal cells and gill cells of
tilapia exposed to acid water (Wendelaar Bonga et al.
1990). The increased mitotic rate in fish at pH 6, In com-
bination with a skin thickness that iIs hardly increased,
also reflects increased cell turnover. An iIncrease In epi-
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dermal thickness as found here for fish at pH 5 has been
reported earlier in our studies on the effects of manure
(Iger et al. 1988) and wounding (lger and Abraham 1990)
on carp, and of acid water on tilapia (Wendelaar Bonga el
al. 1990).

The regulation of epidermal cell proliferation Is under
endocrine control, and cortisol as well as prolactin have
been implicated (Wendelaar Bonga and Meis 1981; Iger
1992). Whether this also holds for apoptosis Is unknown.
In addition to endocrine factors distributed by the blood
circulation, local factors produced In the epidermis itself
may be involved. Budtz and Spies (1989) noted that In the
skin of the toad BuJo bufo apoptotic cells were often
found In the presence of Merkel cells and suggested that
the latter cells produced apoptosis-stimulating sub-
stances. Both Merkel cells and club cells contain seroto-
nin (Fujita et al. 1988; Zaccone et al. 1990)

The endocytotic activity normally observed basally iIn
the basal layer of filament cells was reduced on the first
day at both pH 5 and 6. This was also observed after
wounding In carp (lger and Abraham 1990). Through
this process metabolites may pass from the dermis to
these cells. Thus, shortly after water-acidification the ac-
tive uptake of metabolites seems to be reduced transient-

" The tight junctions between the pavement cells re-
mained intact and unchanged. In the gill epithelium of
trout (Oncocorhynchus mykiss), Freda et al. (1991) ob-
served that the tight junctions between pavement cells
and chloride cells were less extensive In acid water than iIn
neutral water.

The high secretory activity of the pavement cells In
acld water was associated with a more elaborate cy-
toskeleton, including the terminal web. Also the micro-
ridges were slightly higher in the fish from acid water.
This phenomenon has been reported earlier, e.g., for fish
In water with organic manure (lger et al. 1988). Increase
of intercellular spaces, which frequently occurs In the epl-
dermis of stressed fish (Whitear 1986; Wendelaar Bonga
and Lock 1992) did not occur.

The pavement cells produced electron-dense secretory
vesicles. Similar vesicles have been described before in the
skin of other fish species (e.g., Wendelaar Bonga and Meis
1981) and their appearance has been correlated with co-
pious secretion from the surface cells (Whitear and Mittal
1986). This 1s supported by our findings, showing a con-
siderable increase In the formation, storage, and release
of these vesicles In the pavement cells of carp exposed to
acld water. Surprisingly, some of these secretory vesicles
displayed peroxidase activity. This enzyme activity was
also found In the glycocalyx covering these cells, indicat-
Ing that i1t was released from these vesicles to the cell
surface. On top of apoptotic cells, which showed a
strongly diminished secretory activity, the glycocalyx dis-
played only a low peroxidase activity. Since peroxidase
activity was detected mainly in vesicles of cells lacking
cover of glycocalyx at skin surface, we assume that the
massive polymerization of DAB at the skin surface, In
particular at the surface of intact cells, reduced Its pene-
tration into these cells. The enzyme activity may have an
antibacterial function.

Mucous cells. The secretion of mucus by fish skin is great-
ly stimulated in acid water. This has been reported earlier
for fish In acid water (e.g., Daye and Garside 1976; Wen-
delaar Bonga et al. 1990), as well as for fish exposed to
pollutants (lger 1992; Benedettl et al. 1989). The relative-
ly thick layer of mucus attached to the epidermal surface
In fish from low pH may have been formed by the coagu-
lation of mucus under this condition (Fromm 19.50).
Greater adherence to the skin may also be caused b\ a
change In chemical composition of mucus (Gona 1979) >
by alteration in the binding capacity of the skin surface
(higher microridges, more elaborate glycocalyx). In o ir
experiment changes Iin mucus composition are indicat d
by the higher electron density of the mucosomes and vy
their peroxidase activity. The smaller size of the muc >
somes may also reflect a higher viscosity of the muc Is
(Lewis 1976). To the best of our knowledge, the appc -
ance of newly differentiated mucous cells close to the si n
surface, as we found In acid water, has not been previous-
ly reported.

Acid water had also an effect on the secretory process
of the mucous cells. In the controls the mucus was re-
leased from rounded goblet-shaped cells, which displax d
very little synthetic activity. At low water pH, howe\ r,
the cells became more elongated and iIn their basal p it
the synthesis of mucus vesicles apparently continued d 1Ir-
Ing the release of mucus from the apex of the cells. App -
ently, the secretory potential of the mucous cells was ex-
ploited more fully in acid water than under control < I-
ditions.

Chloride cells. In control fish chloride cells were foi Id
only In the gills and In the epithelium covering the inner
side of the operculum of these fish (Wendelaar Bon 1
unpublished). Within 3 days In acid water they also >
peared In the skin covering the head, indicating that he
time of differentiation of these cells was less than th 4
days suggested by Chretien and Pisam (1986) for Lehi> es
reticulums. Following the description of chloride cells In
tilapia (Wendelaar Bonga et al. 1990), we i1dentified at\ s
sory (replacement), immature, and apoptotic chloil le
cells. The appearance of these 1on transporting cells n 1y
be connected with disturbance of tonic regulation In acid-
exposed fish, and Indicates that the ton-regulatory cap c-
ity of the gill area Is insufficient during the first weeks of
acld stress. Apoptotic chloride cells were phagocytosed
0y macrophages, In contrast to the apoptotic remnants ol
navement and mucous cells, which were shed. This con-
firms our observations on pavement cells and chloride
cells in the gills of tilapia (Wendelaar Bonga and Van der
Meij 1989; Wendelaar Bonga et al. 1990).

Club cells. An increase in club cell numbers as a response
to a stressor, In the present experiment water acidifica-
tion, has not been previously reported. These cells are
characteristic for the epidermis of several orders of teleost
fish and have been suggested to be the source of a specific
alarm substance (at least in ostariophysans, Pfeiffer 1977:
Whitear 1986) and other bioactive substances, including
serotonin (Zaccone et al. 1990).
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